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Nitrogen oxides (NOx) contribute to the formation of acid rain and ground-level
ozone. Cost-effective technologies that destroy NOx from gas streams are needed. Of
particular interest are Non-thermal plasma technologies that offer an innovative approach
to the solution ofNOx emission control.
This study investigates the use of a particular electrical discharge technique, the
barrier discharge. Experiments were conducted in double dielectric barrier discharge
(DDBD) reactors to elucidate the effects of physical and chemical variables on the NOx
removal efficiencies. Analysis instruments included a FT-IR with a length adjustable gas
cell, a GC-MS, several gas analyzers and an emission spectrometer.
The variables investigated include input power, chemical composition, residence
time, and gap spacing. Through this investigation, an overall optimization of DDBD
performance was obtained. Of these, we primarily investigated the effect of discharge gap
spacing on the electrical and chemical processes that occur in non-thermal plasma
discharge (NTPD). A numerical model was developed to simulate the physical and
chemical processes during the oxidation and reduction of NOx. Experiments and
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calculations were performed to investigate the effects of the above-mentioned variables
on breakdown electric field, free electron energy distribution, electron impact kinetic
rates, and chemical reactions. Results from the calculations and experiments
demonstrated the complex relations between NOx removal efficiency and the tested
variables. A mechanism ofNOx destruction in a NTPD was proposed.
This study revealed that the characteristics of microdischarges are the key to
understanding the NTPD process. Optical measurements, by means of a high speed
intensified imager, provided important information on the microdischarge. This
information helped to develop the numerical model, which established the relation
between surface charge and charge density within a microdischarge. Results of this study
should provide a basis for developing a potential solution for the reduction of NOx
emission from off-gas sources, such as diesel-powered aerospace ground equipment used
on the Air Force.
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Nitrogen oxides have contributed to several air pollution problems including acid
rain, ozone depletion and photochemical smog. It is estimated that annual NOx emission
in United States is about 21 million tons due to fossil fuel combustion for electricity
generation [Spengler et al, 1990]. Recently the Environmental Protection Agency
unveiled proposed rules that would require 22 eastern states and the District of Columbia
to make deep cuts in emissions of nitrogen oxides [Ross, 1998 ]. Therefore, cost-effective
technologies that destroy/remove NOx from gas streams are highly needed.
Sources ofNOx include both naturally occurring and man-made processes. In
nature NOx is produced in forest fires, in lightning strikes and from volcanic activities.
Man made or anthropogenic sources ofNOx include nitric acid manufacturing and the
nitric acid used in steel pickling, plating and catalyst recovery operations and chemical
manufacture. However, the largest sources of anthropogenic NOx are the combustion of
fossil fuels. These emissions can result in high local concentrations of 10 to 100 times
that found in rural regions.
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NOx exists in several forms including nitrous oxide (N2O), nitric oxide (NO),
dinitrogen trioxide (N2O3), nitrogen dioxide (NO2), dinitrogen tetroxide (N2O4) and
dinitrogen pentoxide (N2O5). They all are toxic gases. In the atmosphere, NO and NO2
are primary stable forms so that NOx generally refers to the presence of these
compounds.
1.2 Conventional Techniques for NOx Control
Efforts to reduce NOx emission are focused on fuel combustion since it is the
main source of NOx. A number of approaches, grouped into pre-combustion, in-
combustion and post-combustion modification, can be used to control NOx emissions.
Since production rate of NOx in combustion is proportional to the temperature and
contents of N2 and O2, these approaches attempt to control flame temperature and
fuel/gas chemistry in the combustion process. Forty to seventy percentage reduction of
NOx emissions can be expected by the optimum combination [Breault et al, 1992].
Although significant, this achievement trades off the combustion efficiency, and the cost
is high.
In pre-combustion, NOx control was achieved by inducing bound nitrogen in
fuels to reduce the NOx concentration in combustion production. It is very costly and no
longer considered a practical method.
In-combustion control of NOx is now considered to be the major opportunity to
control emissions. Two efficient techniques have been introduced: (1) low-NOx burner
(LNB) and (2) multiple stage combustion including air staging, fuel staging and exhaust
gas recirculation.
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The LNB designs differ from manufacturer to manufacturer. They all generally
modify the means of introducing the air and fuel to slow the rate of mixing, reduce
oxygen availability in critical NOx formation zones, and reduce the amount of fuel
burned at peak temperature. This full LNB can be expected to reduce NOx emission from
uncontrolled baseline levels by up to 50%. The reliability and cost is critical.
The two-stage combustion is a technology used to minimize the formation ofNOx
by burning the fuel in the initially rich or sub-stoichiometric zone. The first zone is
operated fuel-rich to control NOx formation due to lower temperature and the reduction
characteristics. The second zone is operated fuel-lean to complete burn out.
The two technologies of post-combustion NOx control in commercial use are
selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR). SNCR
processes take place by injecting reducing reagent, ammonia, urea, or other nitrogen
containing compound which selectively react with the NOx molecule to reduce the
oxidative state of the nitrogen. Reduction levels are typically 60% with levels above 80%
hard to achieve without increasing CO and unreacted reagent above acceptable limits.
SCR uses catalyst to make the reactions proceed within a lower temperature regime. The
most popular catalysts include Vanadium, Platinum, or Titanium compounds
impregnated on a substrate. These methods are effective. However, they cost too much
for routine operation. In addition, the secondary pollution is hard to avoid in practical
application.
1.3 Non-thermal Plasma Discharge Technologies
Non-thermal plasma discharge (NTPD) technologies offer an innovative
approach to the solution ofNOx emission control. These technologies can be applied to
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disposal of a wide variety of gaseous pollutants, and have the capability for the
simultaneous removal of coexisting pollutants. Another critical advantage over the above
conventional methods, is the high selectivity of the non-thermal plasma method that is
very important for treating industrial off-gases containing dilute pollutants. This field has
grown dramatically in recent years and many new types of devices have been developed.
It is in the interest of many nations to assure that all practical and economically feasible
steps are taken to apply and further develop these techniques to help solve environmental
pollution problems
The Non-Thermal Plasma Discharge provides a means for employing electrical
energy to drive selected chemical reactions in contaminated gaseous media. The principle
of the NTPD technique is based on the gas plasma created by the collision between
electrons and gas molecules. Typically, three essential parts are included in a NTPD
system: 1) source of high-energy electrons; 2) collision between electrons and gas
molecules; and 3) chemical reactions. All these occur in a NTPD reactor.
The high-energy electrons can either be created by applying high voltage on
electrodes placed within the reactor or be supplied by inducing an external electron beam
into the reactor where the gases containing pollutant flow. Due to high kinetic energy
electrons, collisions between electrons and gas molecules occur massively. New reactive
species, such as radicals, ions and excimers, are produced. These active species will react
with gas molecules that exist in the reactor. Therefore, the desired chemical reactions can
be controlled by feeding reactants into the system.
Non-thermal plasma can be created in essentially two different ways: by electron-
beam irradiation, and by electrical discharge. Electrical discharge techniques can be
5
implemented in many ways, depending on the electrode configuration and electrical
power supply.
1.4 Literature Review
The first indications of excimer formation in gas discharges were introduced by
Goldstein and Cuitis in 1913 [Eliasson et al, 1991]. In two independent papers they
reported new features in the emission spectrum of Helium discharges which they
tentatively interpreted as a result of molecule formation. In 1955, Tanaka realized that the
rare gas excimer continua could be excited in silent discharges, but abandoned this idea
in favor of a pulsed discharge that later became known as the Tanaka lamp.
Silent discharges have been utilized in an ozone generator developed by Siemens
in 1850's. A silent discharge generally refers to a plasma device employing a gas
capacitor that has at least one electrode covered by a dielectric layer. At present,
commercial ozonizers have an energy yield of 90 and 180g/kWh for dry air and pure
oxygen, respectively. Since the theoretical energy yield is 1200g/kWh, up to 92.5% of the
energy is lost as heat to gas and/or surroundings.
Contrary to thermal plasma, the pollution control efficiency of non-thermal
plasma is based on a "focussed" effect of high energy particles on particular compounds
[Karen et al, 1997]. A small portion of energy is lost in the heating up of the gas. The
energy is predominantly used for the generation of highly energetic electrons.
Furthermore, in most cases secondary waste can be minimized when using plasma
treatment.
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Traditionally, non-thermal plasma is obtained by a gas discharge under the
application of a strong electric field. Electrons and ions are accelerated to high energies
(usually, several eV) that are much higher than the Boltzmann thermal energy of the
ambient gas. Because electrons have a much longer mean free path and lighter mass, they
have much higher kinetic energy than ions.
There are two main methods of introducing high-energy particles into the air
stream: 1) acceleration of the charged particles by a strong electric field and 2) injection
of them externally. The first method normally comprises steady state or pulsed
discharges, which supply charged particles through electron impact ionization. Most
techniques recently developed for pollutant destruction and VOC reduction use various
versions of corona or barrier discharge in direct current, alternating current or pulsed
regimes. The second particle introduction method is commonly known as electron beam
technology. In systems using electron beams, high-energy electrons are injected from an
external source. Their electron energy is usually monochromatic and is defined by the
accelerating potential in the electron gun and thus well in excess of the ambient thermal
energy. Thus, such a system also can be classified as a non-thermal plasma. The main
difference between discharge generated and e-beam plasma is that the first moderately
high energy electrons move chaotically, while in the latter the primary electrons of much
higher energy enter the system as a collimated beam.
Several types of gas discharge can generate the non-thermal plasma environment.
The reactors could be point-to-point, point-to-plane, plane-to-plane, packed bed or
coaxial (or wire-pipe) and are driven by direct current (DC), alternating current (AC), or
pulsed current. Some different types ofnon-thermal plasma devices are discussed below:
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1) Glow Discharge: Typically, it is a low-pressure (less than 10 mbar) and operated at
low electric fields (~ lOV/cm), hence comparatively low operating voltages. It is
limited in application for the treatment of contaminated flue gases. Increasing the
pressure to atmospheric is possible, but it is necessary to increase the electric field
simultaneously and requires a high frequency power source, noble gas for dilution
and the insertion of a dielectric plate between the electrodes
2) Corona Discharge: the corona discharge is a relatively low power electrical discharge
that takes place at or near atmospheric pressure. Strong fields generate the corona and
at least one of the electrodes is a thin wire, a needle or has a sharp edge. The strong
curvature is responsible for the high electric field, necessary for ionization of neutral
gas molecules. The other electrode can be a plate or a cylinder. Corona discharge
exists in several forms depending on the polarity of the field and the electrode
configuration. When the inception voltage is reached, the gas in the neighborhood of
the high curvature is ionized by the high local electric field triggering the avalanche
multiplication of free electrons. Depending on the polarity applied to a high curvature
electrode, the various forms of corona discharge are classified as positive or negative
corona.
3) Dielectric Barrier Discharge: Dielectric barrier discharge is a general term for
discharge methods that use a dielectric material as a plasma stabilizer. The main types
are silent discharge and surface discharge.
The main feature of the so-called silent discharge is the fact that a dielectric
layer covers at least one of the electrodes. Typically, materials with a high dielectric
strength and a high dielectric constant are used. In conventional gas discharge
processes at atmospheric pressure, the formation of the sparks results in local heating
and non-uniform gas treatment. When using silent discharge, the dielectric acts as a
capacitor in series with plasma; when the potential across the gap reaches the
breakdown voltage, the dielectric acts as a stabilizing material, leading to the
formation of a large number of microdischarges or short pulses, which are statistically
spread over the discharge gap. The discharge generated ions traverse the space in a
pulse and are stored on the surface of the dielectric material. Since the accumulated
space charge generates a reverse electric field, the discharge will be terminated. By
applying a sinusoidal voltage the process will be repeated over and over again.
Surface discharges are similar in nature and thus appropriate for the same
applications as a silent discharge. In this technique, surface ruggedness amplifies the
electric field at the surface. Two ways of implementing the surface discharge for gas
cleaning purposes are commonly used: 1) a packed bed reactor and 2) a strip-like or
film-like electrode embedded in ceramic. The materials used for pellets in the bed
reactors are BaCO3, SrCC>3, or PbCO3. If the voltage over the electrodes is increased,
a weak glow appears at the surfaces of the pellets and radicals are generated. In the
second type of surface discharge, a high voltage is applied to generate a surface
discharge that appears at the sides of the strips and covers the ceramic surface
uniformly.
4 Electron Beam: In an electron beam induced plasma, the initial electrons are mono-
energetic. Usually, they are formed outside the reactor and injected into the gas
stream. There the electrons react with the gas by direct and dissociative attachment
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and excitation. These inelastic reactions, as well as the electrons thermalized by the
elastic collisions, generate the plasma.
Presently, there is not enough evidence to prove that one of the various types of
plasma gas discharge reactor is superior over the others. Each of them has its own
different optimum operating conditions. Their performance is strongly affected by factors
like:
1). Energy efficiency ofreactor
2). Gas pressure
3). Gas flow rates
4). Initial concentration ofpollutants
5). Toxic by-product production rates
6). Residence time, power input and frequency.
7). Gas chemical composition
In summary, the pulsed and DC corona, and dielectric barrier discharge
techniques are suitable for low and medium flow rate gas treatment systems. Electron
beams can be used up to 1000 Nm3/h and even up to 10,000 Nm3/h as already
demonstrated for SO3 and NO2 destruction [Matzing et al, 1994]. The method of the
dielectric barrier discharge has a more uniform plasma, as compared to DC corona, and
offers a more convenient and easily adjustable experimental set-up when conducted in
laboratory scale.
Joshi (1927) undertook investigation of the destruction of nitrogen oxides by
electrical discharge firstly. The experiment was conducted in a Siemens Ozonator at 6-12
kV and 150 Hz. Complete conversion of N2O to N2 and O2 was achieved but the rate of
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reaction varied considerably. It was proposed that the rate varied due to the production of
NO2 as an intermediate product.
In 1952, Visvanathan applied the same discharge process as that used by Joshi to
study the decomposition of pure gaseous NO. It was found that NO decomposed to N2
and O2 with NO2 as an intermediate. It was reported that the decomposition was complete
at low pressure (<400 mmHg) but that at higher pressure the reaction stopped before all
of the NO could be decomposed to N2 and O2 [Visvanathan, 1952]. These results were
consistent with the theory of electron activation developed by Elliot et al. in 1927. This
theory stated that high concentrations of electronegative NO2, produced in Visvanathan's
work at high initial pressures, reduced the electron velocity (at pressure and voltage
applied to the system) to a value below the critical velocity needed for NO2
decomposition.
Bes and Lacoste [1970,1974] suggested that the product of voltage and frequency
was a main parameter in determining the rate of the decomposition reactions taking place.
Further, it was found that when the product of the voltage and frequency was below 106
V/s the reaction proceeded with the formation of NO2 as an intermediate product.
However, when the voltage-frequency product exceeded 106 V/s no formation of
intermediate NO2 was observed.
The experimental investigations of the removal of toxic components (NOx etc.)
by DBD by Wolf, Listl and Neiger [1996] were conducted in plane and coaxial reactor
configuration. They found the concentration of NOx could be reduced significantly from
500 ppm to below 20 ppm. The energy consumption per converted NOx molecule fell
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between 40 and 90 eV, but the energy consumption per removed NO molecule was 4 eV
if the additive (C2H4) was used.
Breault et al. [1993] showed in their experimental results the effect of Reynolds
number on NOx conversion. Increasing Reynolds number to a given level increased the
NOx conversion significantly. Their test range of Reynolds numbers were 100 to 750,
1700 to 2300 and 2600 to 3000, respectively.
Chang et al. [1991] experimentally investigated simulated gas streams (N2, O2,
H2O, SO2) by using a dielectric barrier discharge and computer modeling. Their work
showed that the conversion of SO2 to primarily H2SO4 was limited by the generation of
OH radicals. Increasing the concentration of O2 and H2O increased the generation of OH
radicals and resulted in more removal of SO2 from gas streams. High removal efficiencies
were experimentally achieved. Results from the model suggested that more efficient
removal is obtained with a series of short, high E/N current pulses rather than a single,
low E/N current pulse.
Gentile and Kushner [1995] studied the dielectric barrier discharge remediation
ofNxOy from simulated diesel exhaust. They discussed the dominant reaction pathways
and proposed scaling laws to optimize the energy efficiency for the removal of NOx.
Their results show that the energy efficiency of remediation generally increases with
increasing water content by removing NOx through the oxidation channel which leads to
an acidic waste product.
With laboratory scale experiments on the destruction of toxic chemicals and
industrial pollutants, Rosacha et al [1993] demonstrated that the dielectric barrier
discharge technique is a viable method for destruction of gaseous-based waste. Using
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this technique, large concentrations of reactive O (3P) and OH can be formed with high
efficiencies relative to the deposited electrical energy. The destruction rates of organic
compounds by these species are generally high, so the organic destruction efficiency is
also expected to be quite high.
Gallimbarti [1988] simulated the impulse corona discharges in air and flue gases
with different composition. His results indicated that the presence of H2O and O2 in the
mixture component played a major role in the attachment processes. As a consequence,
the corona characteristics were very much affected by the flue gas composition. In this
study, the steady-state Boltzmann equation was solved to calculate the electron and ion
transport characteristics in the flue gas. The transport parameters were used to solve the
electron, positive and negative ion densities, together with Poisson's equation for the
pulsed corona discharge.
The experimental data in Sun et al's paper [1996] showed that the major end
products of the remediation ofNO were N2, NO2, N2O, N2O5, HNO2 and HNO3 for initial
gas mixture of 80% N2, 9% O2, 2% H2O, and 9% CO2 at 400 K. They found that the
densities of the reaction products HNO2 and HN03, the restricted NxOy products (NO2,
N2O, N2O5), and the N2 generally incrementally increased with each pulse as the reaction
products accumulated in the gas stream. For these conditions, -33% of NO is converted
to N2 through the reduction channel and -28% is converted to HNO3 through the
oxidation channel. And the percentage removal through the reduction channel increased
as the energy density increased.
Chang et al. [1992] with a lab-scale reactor has experimentally investigated gas-
phase removal of NO with dielectric barrier discharges. Their experimental results
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indicated that 95% NO could be achieved for conditions that simulated the composition
and temperature of the exhaust gases generated by the combustion of fossil fuel.
Increasing CO2 decreased the removal efficiency of NO. There is also an optimal
concentration ofO2 to maximize the removal ofNO at a specific concentration of H2O.
Third bodies, such as additives, catalysts and fillers, have been found to have
effects on the NOx/SOx removal efficiency.
Fujii et al [1993] in their paper "Simultaneous Removal of NOx, COx, SOx and
Soot in Diesel Engine Exhaust" showed that the NOx reduction rate with oil is increased
by a factor of about 20% compared to the case using a discharge plasma only. Further,
they proposed two possible effects of the oil in the reactor. 1) the formation of an oil film
on the glass tube wall which was convenient for capturing the soot and 2) the formation
of an oil mist in the discharge space. It was suggested that the improvement of the plasma
uniformity was due to the decrease of the electric field strength by the enlarged
permittivity in the discharge space caused by the presence of the oil mist, because a
localized filamentary discharge would be suppressed by a weakened electric field. The
elimination of the soot by the oil film described above also resulted in a large permittivity
because the soot is a conductor with small permittivity.
In one of the pulsed corona experiments at ENEL [Dinelli et al, 1990], the NOx
removal was 50%, with initial NOx concentration of 240 ppm. The gas temperature was
115 °C and about 12 Wh/M3 of electrical energy was supplied to the gas. The gas
consisted of 73% N2, 13% CO2, 6% O2, 8% H2O, 650 ppm SO2 and 240 ppm NOx. The
amount of ammonia used for this particular case was 1300 ppm. Later experiments using
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a combination of ammonia and hydrogen peroxide additives showed approximately the
same specific energy consumption, but with negligible ammonia slip.
Good results were obtained in the electron beam experiments of Tokunaga et al.
[1993] using a gas consisting of6% O2,14% CO2,12% H2O, 68% N2, 500 ppm SO2, and
150 ppm NOx. In their experiments, 5 kGy of radiation dose and 1150 ppm of ammonia
additive were used. They observed 80% reduction of NOx. This corresponded to an
energy consumption of less than 2 WH/m3, or an energy cost of 14 eV per removed NOx
molecule. Maezawa and Izutsu [1992] obtained very similar energy consumption on
electron beam treatment of coal-fired boiler flue gas at 65 °C consisting of 209 ppm
NOx, 779 ppm SO2 and 1 stoichiometric amount of ammonia. Around 80% reduction of
NOx was observed using a dose of 6 kGy.
Mizuno et al. [1992] have made many tests on NOx removal from diesel engine
exhaust using various of hydrocarbon additives, including C2H4, C3H8 and CH4. They
found QH4 to be most efficient. At a gas temperature of 30 °C, they observed 70% NOx
reduction for an initial 600 ppm NO and 30 ppm NO2, using 500 ppm of QH4.
In Rogers et al. [1997] experiments, the gas stream contained 10% O2, 2000 ppm
H2O, and approximately 500 ppm of total NOx in balance with N2. The molar ratio of
injected ammonia to initial NO was approximately 1:1. At comparable power levels the
percentage of NO removed with ammonia injection was considerably less (about 1/3)
than in tests without ammonia. They also suggested that the formation of a fine powder,
NH4NO3, within the NTPD might have inhibited the formation of microdischarge and
reduced processing efficiency. When injecting molar ratios of C2H5OH to initial NO of
8:1,90% NO removal was obtained with only 3.9 Watts (97 eV/molecule) of tube power,
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representing a greater than 10 fold decrease in energy consumption as compared to the
base stream with no injectant. Other injection compounds, like hydrogen peroxide,
hydrazine, iso-octane and ozone, were tested. None had a better effect than ethanol did at
removing NO.
Mclamon et al [1989] investigated the use of gold plated metal wools in
conjunction with strong electric fields to decompose NO to its elemental compounds. No
significant effect on NO reduction was observed with the use of these materials.
The use of catalyst packing materials (glass wool, Kaowool and Linde 4A sieves)
resulted in higher conversion than when no packing was used [Mclamon, 1989]. In terms
of the power input to the reactor there was no significant difference in NOx conversion
achieved in systems with no catalyst packing material. Additionally, an increase in the
density ofthe glass wool packing, and therefore an increase in the glass wool surface area
in the reactor, did not increase the NOx conversion for a given discharge power.
Non-thermal plasma technology is still at a formative stage. There are a few
engineering and industrial applications of pollution control devices using non-thermal
plasma. It should be pointed out that with current NTPD techniques, plasma treatment of
waste materials is certainly more costly than many conventional incineration techniques.
In 1983, Ebara International Corporation built and operated an electron beam
FGT plant at the Indianapolis Power and Light Company's E.W Stout plant in
Indianapolis, Indiana. The purposes of these tests were to evaluate this process for flue-
gas treatment in a coal-fire utility plant.
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In 1984, the Nuclear Research Center in Karlsruhe, Germany and the University
of Karlsruhe both built pilot-scale plants to study the reaction mechanism of the process.
In 1989, a second pilot plant was added.
In 1991, Ebara Corporation built a 1,000 Nm3/h test facility at its Central
Research Facility in Fujisawa, Japan to make further studies for reducing capital and
operating costs of the process.
In 1992, a 12,000 Nm3/h coal-burning facility was completed in Nagoya, Japan at
Chubu Electric Company. This facility would demonstrate the process and improve the
operating costs for achieving suitable NOx removal efficiencies at lower power input.
Also in 1992, a plant to treat ventilation gases from automobile tunnels became
operational to reduce the amount of NOx and unburned hydrocarbons entering the
atmosphere from the tunnel exhaust. This plant has a capacity of 50,000 Nm3/h.
Those plants have utilized non-thermal plasma techniques. They successfully
demonstrated that 1) more than 95% SO2 and 90% NOx were simultaneously removed
from the flue gas under optimum operating condition, and 2) scale-up to a full sized
commercial application is eventually feasible.
In this study, lab scale reactors were employed in non-thermal plasma discharge
process experiments. Some important physical and chemical properties were tested for
their effects on the NOx removal efficiencies. A numerical model were proposed and
tested. An over-all optimization ofthe NTPD NOx removal efficiency was achieved.
CHAPTER II
NON-THERMAL PLASMA DISCHARGE
The non-thermal plasma discharge (NTPD), also known as the silent discharge,
represents a non-equilibrium process in which the majority of the electrical energy is
used to generate highly energetic electrons. Due to its energy selectivity and its capability
for the simultaneous removal of various pollutants, the NTPD has long been recognized
as an effective technique for preferentially and efficiently channeling electrical energy to
drive specific chemical reactions. NTPD, which usually occurs in a high pressure gas,
consists of a multitude of current filaments of short duration. Four separated steps were
categorized during the life cycle of one such filament [Eliasson et al, 1991]: (i) the
formation of the discharge; (ii) the ensuing current pulse or transport of charge across the
gap; (iii) the simultaneous excitation of atoms and molecules present and thus initiation
of the reaction kinetics; and (iv) the quench of discharge and termination of reaction. The
durations of these steps are of different orders of magnitude. The local breakdown is
usually completed within nanoseconds; the current transport takes typically 1-100 ns; and
the chemistry can last from nanoseconds to seconds; the quench and termination is the
shortest step, its duration is no more than a few nanoseconds.
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The reactor used in experiments typically consists of two plane and parallel
electrodes, which are covered by at least one dielectric of thickness g, with a plane gap of
width d. Within this gap, a gas of density n (pressure p, temperature T) is present. By
applying an increasing voltage to the two electrodes, breakdown is induced in the gas
once the field inside the gap exceeds the corresponding reduced Paschen field of the gap.
The Paschen voltage is given by the smallest constant voltage needed to initiate
breakdown in the gap. The reduced Paschen field is obtained by dividing the Paschen
voltage by the product nd. At the pressure of about 1 atm the breakdown results in a
multitude of filaments or micro-discharges (breakdown channels). Each channel
corresponds to a single transit breakdown or streamer breakdown. The micro-discharges
have diameters of the order of some 100 urn. Both the diameter and the duration depend
upon the gas properties and its density. The exchange of energy between the accelerated
electrons and the atoms and molecules occurs within the microdischarges. Due to the
high electron energy, the energy exchange can be very efficient. Usually more than 90%
of the electron kinetic energy is thus transformed into stored energy of gas atoms or
molecule. Elastic losses are therefore very low, and initially very little energy is lost as
heat.
A great advantage of the NTPD over many other discharge types is that one can
control the average energy of the electrons by changing the product of gas density and
gap. In this fairly easy way, one can adjust a very important parameter to optimize the
yield of the process.
The microdischarge is the key to the processes ofNTPD technology. Therefore it is
very important to understand its physics; i.e., the electrical breakdown and its chemistry-
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the reactions of excited species generated. The initial electron current excites the species
and these excited species in turn react to form the products.
In this chapter, some important theories, methods and measurements will be
briefly introduced.
2.1 Theory and Apparatus
2.1.1. The Electrical Breakdown
With rising voltage, electron avalanches start propagating from the cathode to the
anode. When the electric field is high enough to cause a considerable current flowing
through the gap, the breakdown occurs. The breakdown voltage depends on the product
of the gas density n and the gap distance d. There are two distinctly different mechanisms
that lead to breakdown: Townsend's Generation and Kanalaufbau's Streamer
mechanisms.
i) Townsend breakdown (Generation Mechanism): For low values of nd, usually in
glow discharge, the breakdown occurs with negligible generation of space charge within
the gap. Here, the breakdown is a feedback process between the avalanches and
secondary electrons emitted from cathode. There is a slow buildup toward this
breakdown process, and it takes a number of avalanches to complete it. This type of
breakdown depends on the cathode material to a large extent.
Townsend's continuity theorem, based on the assumption of positive-ion ionization
in the gas, gives the condition for breakdown as
d -\(a- P)dx
I = jae " dx
o
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The quantity a is often called the first Townsend coefficient and is designated as
the number of ionizing collisions per centimeter of path in the direction of the field, p, the
second Townsend coefficient, incorporates as the concept of a positive-ion which is
formed by electron collisions and can gain sufficient energy from the field to ionize the
gas by collision. It is related to a according to:
(2-2)
Assuming a number y of new electrons to be emitted from the cathode for each of
the bombarding positive ions. The relations at breakdown are derived as:
The non-self-sustaining current in a discharge gap is
i = !°L. (2-3)
The condition for initiating a self-sustaining discharge is given by
/(earf — 1) = 1 (2-4)
or neglecting 1 relative to e™1






Mid if it is assumed that the electrostatic field is uniform, E=Vb/d
Vb = B{pd ) (2-7)
C + In pd
C = In — A
where B, A are constants and V b is the breakdown voltage.
ii) Kanalaufbau Breakdown (Streamer Mechanism): A different kind of breakdown
takes places in NTPD due to the higher nd value which lead to a considerable space
charge. The most striking difference of this mechanism compared with the
generation breakdown is that the space charge developed by the avalanche itself
transforms the avalanche into a plasma streamer. Therein the conductivity grows
rapidly and breakdown occurs in the channel of this avalanche. Space charge of
proceeding avalanches are not needed, it is the "eigen space charge" which produces
the instability of the avalanche.
Raether's criterion [1938,1939,1941] is expressed as:
(a/p)pd = k (28)
where k is a constant characteristic of the particular gas.
For uniform field strength, E=Vb/d:
a = Ape E
Vb =
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A empirical condition for streamer breakdown is given by
aXcn,=C (2-11)
where C is a constant. The following mechanisms occur for the given values of
xcril. [Przybylski, 1958]
IfXcrit=d, a streamer mechanism at static voltage with the minimum value of a.
Xcn^d, an anode directed streamer.
Xcrit>>d, the Generation mechanism
The Townsend mechanism generally applies for lower values of the product of gas
density n and gap spacing d, slower time-varying applied voltages, and a fairly large
secondary emission coefficient y. It is thought that the discharge generally operates in
streamer mode at higher values of nd, small y, and higher over-voltage (e.g. >20% of self-
breakdown). The two criterions have the same results if y is constant in Townsend's
equation and Ind is very small compared to k in Raether's criterion.
2.1.2. The Boltzmann Equation
Since the discharge operates at around latm pressure, the distribution of electron
energy is therefore practically always in equilibrium with the applied field. The stationary
Boltzmann equation can be applied for a constant field, independent of the other
equations.
In order to model the temporal and spatial behavior of charged particles in an
electric field, as well as their interaction with neutrals, a set of coupled Boltzmann
equations for each kind of the particle (e.g. electrons, ions, atoms, molecules) has to be
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solved. Due to the tremendous efforts necessary to perform such calculations, appropriate
simplifications have to be found.
The electron distribution function is a seven dimensional function of coordinate
space r, velocity space v, and time t. In general, an isotropic velocity distribution can be
reduced to a function of the electron energy. The evolution of the distribution function in
the increment t -dt to / follows from the motion of the electrons in the presence of an
external force F and a correction term due to collisions:
—dt,t-dt) + \tf) dt (2-12)
me V dt )ce
The Boltzmann equation is obtained by expanding the left hand side to the first
order and taking the limit as dt->0
dt me V ot )c
where E(r,t) represents the actual electric field (due to the externally applied voltage
and the space-charge distribution). The collision term ?L-\ . is a non-linear "source
term" which describes changes of particle position and velocity in the space due to
collisions. This term is again a function of fe
Because of the complexity of the collision operator and the number of variables, a
general solution of the Boltzmann equation at microscopic level is practically impossible,
either analytically or numerically. But by fittingly defining the boundary conditions and
assumptions, Boltzmann equations can be solved with acceptable accuracy.
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2.1.3. Poisson's Equation
The electric field is described by Poisson's Equation
V .E(r,t) = Y^^- (2-14)
Where e represents the dielectric constant of the background medium. qt and «,
represents the species i with charge q and density n.
The potentials of each species are calculated separately and superimposed
considering the boundary conditions.
2.1.4. Particle and Charge Density
The particle density, «/, at any position r and time t can be obtained from the
function
nt{r,t)= \f,(r,v,t)dv (2-15)
by integrating over the velocity distribution. The function/f obeys the basic conservation
equation (i.e. the Boltzmann Equation).
An additional equation that must be solved is the equation of continuity.
^ + V • («,v. - DjVnj) = Sj (2-16)
Where w=//, (v, is the draft velocity of species j with mobility //, ), Dj is the
diffusion coefficient and Sj is the sum of all sink and source terms. Note that 5} is a
function of all reactions which species./ is a part of.
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An important aspect to be considered during solution of the Poisson equation is the
time- and space-dependent boundary condition on the dielectric. Due to charge buildup
there, the potential on the dielectric/gap interface varies with time.
The surface charge density on the dielectric surface q is given by
q{r,t)= \e^eE(r,t')ne(r,ndt' (2-17)




The total charge depends on the dielectric thickness and the dielectric constant, as
well as the gap width. It increases linearly with the gap width. The charge q(r,t) that is
deposited on the dielectric grows with time and leads to the development of a field. The
developed field is directed against the applied field and eventually chokes the
microdischarge.
2.1.5. Reaction Rate Coefficients
The rate at which free radicals, ions or other excited states are formed by electron
impact in plasma can be quantified in terms of a chemical reaction rate expression
^ *„[«][»,] ()
at
Where dfnj/dt is the rate of formation of species nj from precursor nj, ky is the rate
cofficient, [e] is the concentration of electrons, and fnj is the concentration of the
neutral precursor species.
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The rate coefficient Ky can be calculated from the collision cross section ot/s)
specific to the reaction. The cross section is proportional to the probability that a givenfh
process will occur upon collision between n, and an electron with energy e. If the electron
has energy less than that required for the/* process, the cross section equals zero. The
collision cross section is a function of the electron energy s, and thus ky is:
(2-20)
Many electrons impact cross sections are available in the form of an electron
temperature dependent rate coefficient.
For a given mixture of partially ionized gases, the computer code ELENDIF
calculates the electron energy distribution function by solving the Boltzmann equations in
the time-dependent form.
In ELENDIF,
erm= 2/3 <e>=kTe (2-21)
< £ >=
o
Where <e> is the mean electron energy, k is Boltzmann's constant and Te is the
electron temperature.
In a Maxwellian distribution, erm = sc
e sdt/ = kT, (2"22)
Where the transverse diffusion coefficient, DT, is given by.
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sds
The electron mobility ju = wi/Zs, and the drift velocity, vd, is given by
eds dfo(s)
7
N is the total number of gas molecules and Nj is the molecule number of the species j.
2.1.6 Manley's Equation
Manley used the charge versus voltage (Q-U) plot and derived from that plot
expressions for the charge transferred through, and energy coupled into, the gas by
geometrical analysis.
The charge discharged through the gas in a half cycle, Qd, is obtained from
AQd = 2Cdie {upeak - [{Cdie + Cgas)/ CJ- ub} (2-23)
Where Qie is the capacity of the dielectrics, upeak the peak value of the applied
sinusoidal voltage, Cgas the capacity of the gas and ub the effective gas breakdown
voltage.
Since each charge deposits Qeub energy into the gas per discharge (Qe is the
electronic charge) and since there are both forward and a reverse discharges in each
cycle, the energy deposited into the gas in a full cycle is
28
W = 2AQdub (2-24)
and the mean power can be obtained by multiplying the mean energy per cycle by the
frequency.
2.2 Method Development
Many different types of discharges may be used as reactors for pollution control.
The electrical and chemical properties of the plasma species produced in each reactor
depend on the mechanism of discharge development and charged particles production.
Many electrical discharge devices achieve non-thermal conditions through the
production of microdischarges called streamers. Streamers are plasma filaments produced
by highly localized space-charge waves that enhance the applied field in the front of the
wave and propagate because of electrons avalanching in this high field. Streamers yield
good power efficiency because within the short lifetime of the streamer, the ions do not
experience significant movement and therefore do not contribute to the power
consumption. The short lifetime of the streamer is accomplished by using very short
high-voltage pulses and/or dielectric coatings on the electrodes.
The high capital costs of accelerators and the x-ray hazards associated with electron-
beam pollution control systems have motivated studies into alternate plasma-based
technologies such as those utilizing electrical discharges. Electrical discharges can be
produced in many different ways, depending on the geometry of the reactor and the
electrical power supply. Many reactor designs use electrodes, such as small diameter
wires, needles or sharp-edged parallel, and metal planes.
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One type of discharge reactor that has shown very promising results is the pulsed
corona reactor. The industrial implementation of this reactor has the advantage of low
retrofit cost since it can use the same wire-plate electrode arrangement used in
electrostatic precipitators. By driving the reactor with very short pulses of high voltage,
short-lived plasma discharges are created that consist of energetic electrons, which in turn
produce the radicals responsible for the decomposition of the toxic molecules. Pulsed
corona reactors have been shown, both on laboratory and industrial scale, to be effective
for the removal of many types of gaseous pollutants.
In dielectric barrier discharge reactors, AC high voltages are applied between
electrodes, one or both of which are covered by a dielectric layer with high dielectric
strength, such as glass and Teflon. The geometry is commonly either planar or
cylindrical. The dielectric barrier discharge process is a very mature technology, first
investigated by Siemens in 1850's for the production of ozone. Joshi first demonstrated
the destruction of nitrogen oxides using a Siemens reactor in 1927.
Whereas in the pulsed corona method the applied voltage pulse controls the
transient behavior of the plasma, the discharge that takes place between dielectric barriers
naturally reduces the local electric field. This feature presents an advantage for the
dielectric barrier discharge approach since simpler electrical power supplies can be used.
A great advantage of the dielectric-barrier discharge over many other discharge types is
that one can influence the average energy of the electrons generated by changing the
product of gas density and gap width (usually changing the latter). Thus in a fairly simple
way one can adjust this very important parameter to optimize the yield of the process
under study.
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With variable gap spacing, reaction zone size and dielectric barrier material, a
series of Double Dielectric Barrier Discharge (DDBD) reactors were designed for the
investigation ofNTPD processes described in this study.
2.3 Chemical Reactions
It is known that non-thermal techniques are particularly efficient only when the
pollutant is present in fairly low concentrations. At higher initial pollutant concentrations,
the electrical energy consumption becomes comparable, or may even exceed, that of
thermal techniques. The removal of NOx using non-thermal plasma can be implemented
without using catalysts or additives, but the use of additives and catalysts, such as
ammonia or alcohol, becomes necessary in some cases due to excessive low energy
consumption. The trade-offmay be the formation of secondary pollutants
Chemical reactions in non-equilibrium cold plasmas are initiated by collisions of
molecules with electrons having large energy taken from the electrical field. Many
particles having high chemical activity even at low temperatures are generated by
electron molecule collisions, such as excited molecules, negative and positive ions, atoms
and radicals. The chemical reaction mechanism in non-equilibrium plasmas may be very
complex and dependent on many internal plasma parameters.
The exchange of energy between the accelerated electrons and the molecules and
atoms occurs within the microdischarges. The fairly energetic electrons (some ev) excite
the molecules and atoms and thus transform some of their kinetic energy into stored
energy in the excited species. Due to the high electron energy, this energy exchange can
be very efficient with as much as 90% of the kinetic energy being transformed into stored
energy. Elastic losses are therefore very low.
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A broad range of chemical and physical reactions occurs in the non-equilibrium
plasma. It is necessary to note that determination of the active species that primarily
contribute to product generation is difficult because of the various types of active species
that are formed in any electrical discharge through gas, but only a few are important to
the chemistry. It is therefore necessary in the study of plasma-chemical reactions to
choose the most physically probable chemical reactions and physical processes for non-
equilibrium plasma.
Listed below are some of the more significant electron-gas and gas-gas reactions:
Excitation A2 + e A2* + e
Dissociation A2 +e —- 2A + e
Electron Attachment A2 +e —A2"
Dissociation Attachment A2+e—A+A"
Ionization A2+e—A2+ +2e
Photo emission A2* — A2 + hv
Abstraction A + B2—AB +B
Decomposition AB + hv A+ B
Although this list may not include all of the possible reaction mechanisms, it is
representative of the primary reactions taking place in non-equilibrium plasma.
CHARPTER HI
EXPERIMENTS AND PROCEDURE
In order to carry out this study of the non-thermal plasma discharge, a reliable
double dielectric barrier discharge system was designed and installed. Experimental
methods and procedures for measurements and data analyses were developed. In this
chapter, a laboratory scale DDBD system will be described and experimental procedures
will be discussed in detail.
3.1 Experimental Setup
The experimental setup is shown in Figure 3.1. The reactor tube, a double dielectric
barrier discharge (DDBD), consisted of two parallel plate electrodes that were formed by
sealing a copper screen between two 1 mm thick tempered Pyrex glass plates using RTV
silicon. The tube was constructed so that gas flow was directed through the gap space
between the plates. The DDBD reactor housing was made of aluminum or PVC with
ports for the inlet and outlet gas flows and the high and low voltage terminals. The inside
of the reactor housing was overlaid with Kapton high voltage tape while the top was
sealed with a rubber gasket, sealing tape, and a Plexiglas cover, which ensured that no
gas flow occurred outside of the gap spacing. The electrodes were separated by a Teflon
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spacer of well-defined thickness that fixed the size of the gap. The gap sizes varied
between 0.5-5 mm in the experiments.
The power supply was a model 501SL-12/401SD-002 AC Power System
manufactured by Elgar and capable of delivering 0-260 Volts at frequency of 45-5000
Hz. The frequency accuracy was 0.0015 of the set value and the total harmonic distortion
was 0.6%. A 3k VA transformer with a nominal step-up of 70:1 at a frequency of 400 Hz
was used. A HP 54600 oscilloscope with four channels was employed in the experiments
to measure the tube voltage, sense capacitor voltage, and current. By connecting the
oscilloscope to a PC with a GPIB PCII card, data was transmitted to the PC and
subsequently used to calculate the power consumption and other system parameters. Due
to the high voltage, two attenuation probes (xlOOO) were connected between the
oscilloscope and the high voltage terminals.
An eight-channel thermal meter measured the temperatures of the inlet flow, outlet
flow, and surroundings and a U-tube manometer was employed to measure the pressure
drop across the DDBD. The gas matrix was fed quantitatively, using MSK 1179 Mass-
Flow Controllers, from gas cylinders of O2, N2, and NO (with N2 balance). A vapor
generator was used to provide the desired level of water vapor in the inlet gas stream.
The post-reaction exhaust flow gases were analyzed for NO and NOx using a
Horiba CLA-510ss Chemiluminescence gas analyzer with 1% accuracy. A sampling unit
was attached to the analyzer to draw in a sample at flow rate of 3 L/min. To work with
flow rates less than 3 L/min, dilute N2 was added to balance the pressure of the reaction
system.
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A Perkin Elmer FT-IR spectrum 2000 was used to monitor the reaction products.
The FT-IR has a spectrum range of 400-6500 cm"1 and a resolution of 1 cm1. With the
attached gas cell, model AMI-22-AU from Infrared Analysis Inc., the detection limit was
increased by varying the path length from 1.2-22 meters. QAsoft analysis software
provided a reliable means to quantify the spectra.
An SD2000 Spectrometer system from Ocean Optics was used to obtain
information on gas composition during discharge. The high sensitivity SD2000 Fiber
Spectrometer was configured with a set to 200-850 nm wavelength range. The integration


























Figure 3.1 The Experimental Set-up
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A Shimadzu GC-MS was also employed for routine analysis of the post reaction
stream. A 25-meter long column with specific stationary phase assured the desired
resolution for gas samples in the GC.
The experimental procedure involved first purging the DDBD reactor, flow path,
and analyzers for 10-20 minutes using dry N2 at flow rates of 1-2 L/min. Calibration of
the analyzer was then performed by using N2 gas (99.9%) for zero and standard NO gas
(2000 ppm, N2 balance) for span. The next step was to set the power to zero and record
the corresponding power reading on the computer. If the reading was not zero, frequency
compensation (high, mid and low) of the attenuation probe on the high voltage was used
to correct it to zero. By setting and controlling channels on the MKS Multigas Flow
Controller, inlet gas mixture was synthesized according to the desired experimental
composition. Water vapor for the experiment was generated through bubbling the N2 gas
through a small container of water. The amount of vapor in the saturated stream was
determined from the measured temperature of the gas. By adjusting the voltage provided
by the power supply, the desired power level was achieved. At the desired power level,
the system was allowed to achieve stability or steady state, and the NO and NOx levels in
the effluent gas stream were measured with the gas analyzer. Other parameters such as
temperature, pressure drop and flow rate were recorded during each experiment. The




Power measurement is based on the voltage of DDBD reactor and the current of
discharge:
p = VI (3-1)
/ _ cdVc/ (3-2)
dt~L Ydt
Where P is the power, V the applied voltage, / the discharge current, Vi the low
side voltage, Vh the high side voltage, C the capacitance of the sense capacitor, Vc the
voltage between the terminals of the capacitor, and/ the time.
Once Vc is obtained, manual calculation of dVc/dt is a very complex task.
Typically thousands of points should be manipulated to obtain the value of dVc/dt for
each cycle. By setting the HP Oscilloscope to communicate remotely with a computer,
numerical calculation of dVc/dt is possible. After installing the power calculation
algorithm, a run time power was obtained.
In our experiments, a \uF capacitor and two 1000:1 attenuation probes were used
to obtain Vc and V. About 2000 points were utilized to calculate the dVc/dt. Finally, the
average root mean square of the power was output.
3.2.2. Breakdown Voltage, Current and Charge
As the voltage across the reactor increases in time, the voltage across the gas gap
increases as well. When the gap voltage reaches the electrical breakdown voltage, a
number of microdischarges appear in the gas volume. When sufficient electrical charge
builds up on the dielectric surface, the microdischarges are arrested and the voltage
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Figure 3.2. Voltage Waveforms for DDBD Cell
(a) Full cycle (b) Spikes
This process results in the voltage steps observed on the applied voltage
waveform in Fig 3.2. Associated with these voltage steps are the current (Fig 3.3) and
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Figure 3.4 Charge Waveform (a) withfull cycle (b) with spikes
When the supply voltage reaches its maximum, the dielectric is nearly charged to
its peak and the discharges cease. The cell current leads the voltage, so the current starts
to reverse before the peak voltage is reached. This reversing current depletes the charge
on the dielectric while the voltage across the gas overcomes the extinction voltage, at
which time a second series of microdischarges take place. The time differences in the
voltage, current and charge waveforms are showed in Figure 3.5.
Tim e( usec)
Figure 3.5 Comparison of Voltage, Current and Charge during Spikes
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It should be noticed that the phase of the charge is behind of the voltage but ahead
of the current, which implies the time sequence of the electrical process.
In our experiments, the determination of the breakdown voltage was
accomplished by monitoring spikes with the oscilloscope. Breakdown was reached when
obvious spikes begin to appear on the voltage waveform, while the power was less than
one watt.
An alternative method (Manley 1943) uses Q-V waveforms (Fig 3.6) to obtain the
breakdown voltage (interception with x-axis) and the power (the area of the
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Figure 3.6. Q-VPlotfor Calculation ofBreakdown Voltage and Power
Two other parameters that are useful for describing the active plasma environment
in the reactor are the power density and the energy density. For an average power <p>,
flow rate Q, and residence time, tr, the average power density is given by the expression
<p>/(Qtr) .The average energy density is then given by <p>IQ. In homogeneous plasma
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reactor models, the average power determines the average electron density. The electron
density determines the excitation and dissociation rates of molecules in gas.
3.3 Optical Measurement
Photographs taken with an intensified high speed imager in framing mode revealed
details of the microdischarges. We assumed that microdischarge images in the spectral
range of 400 nm-800 ran represent the main electron stream that forms a channel. Note
that the duration of the image only reflects the integration of the excimers life within the
channel.
During a single half power cycle, the number of microdischarges and their radii
can be measured directly by the images. Since the DDBD's configuration is assumed to
be symmetric, we simply assume that all charges were transferred through
microdischarges in which chemical reactions were initialized. The reactions are
determined by electron-molecular/atom collisions occurring within the microdischarge.
Therefore, to understand the microdischarge is key to understanding the NTPD.
A cylindrically shaped microdischarge with radius r and a disc shaped footprint
with radius Ro are assumed as shown in Fig 3.7. Furthermore all charges are assumed
transferred through discharge channels and the electrical field is taken as to be uniform
over microdischarges.
The microdischarge consists of a small channel and a creep discharge on the
dielectric surface. During the discharge process a dielectric double layer is built up at the
dielectric surface. This layer reduces the field strength within the gap leading to
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Figure 3.7. Sketch ofA Simplified Microdischarge and Arrangement ofthe DDBD
Since the electrical discharge initiates the chemical reactions, the properties of the
microdischarge determine the performance of the NTPD process. A typical picture of a
microdischarge is presented in Fig 3.8.
The electrode surface can affect the microdischarge radius by changing the
surface conductivity. The conductivity changes the Ro due to a change in the avalanche
range on the electrode surface and changes r due to a change in the amount of charge
transferred through a channel.
From the vertical direction, using a given optical area determined by the optical
system and the lens distances, the number of microdischarges can be recorded during a
specified time by controlling the frame rate and/or expose time.
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Figure 3.8. Picture ofA Microdischarge.
3.4 Spectrum Analysis
FT-IR spectroscope provides a way to quantitatively measure the concentration of
products from NTPD processes in gas phase. A typical FT-IR spectrum of a gas stream
(initially containing 10% O2, 1000 ppm NO , 2000 ppm H2O and N2 balance) after a
power input of 5 watts is shown in Fig 3.9 where the major outlet components are
labeled. It was sometimes necessary to shorten the path length and keep the gas cell at
high temperature, e.g. 360 K, with a heat tape to prevent condensing of products like
HNO3. In addition, the beam path length should be adjusted so that low concentrations of
gas can be detected with reasonable resolution. The quantitative results were obtained by
calculating the effective peak areas and comparing to standard compound peak areas in
terms ofppm-meter. Cross checks were performed by comparing results from the GC/MS
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Figure 3.9 Spectrum ofFR-IR
Study of the figure indicates that there was no overlap between fingerprint peaks
of the major compounds of interested. The resolution was typically set high enough to
distinguish all peaks and perform quantitative analyses. It was noticed that O3 could not
be measured accurately due to its high chemical activity and short stable life span. As a
result ozone concentrations are not reported in this study although their calculation may
be applicable.
The discharge emission spectra reveals the presence of certain chemical species
and by using a standard light source, the emission spectrometer could be employed for
quantitative measurement of interesting species found during the discharge. The obtained
information is thus very useful for the study of reaction mechanisms. In particular, the
emitted photons in the UV range are directly involved in the photo-chemistry reactions.
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The study of the emission spectrum focused on the wavelength range between 200-500
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Figure 3.10 Emission Spectrum at Room Temperature, 1 atm , 5 watts and
Gas Mixture of10% O2, WOOppm NO, 2000ppm H2O andN2 Balance.
Examination of the figure indicates from 200-290 nm, the A-X emission of NO
dominated the spectrum. From 295-500 nm the ubiquitous second positive group of the
neutral molecule nitrogen (C-B) rules, with a modest contribution from the first negative
group of N2+ (B-X). At longer wavelengths (up to 780 nm) the intensity of emission is
comparatively low, with the first positive group of N2 (B-A) being the main feature that
was clearly discernible along with superimposed emissions from atomic oxygen.
CHAPTER IV
RESULTS AND DISCUSSION
Non-thermal plasma discharge is a very complex physical and chemical process.
Many variables could affect the results of NOx removal. One of our objectives is to
determine the factors affecting performance and to understand what they mean in terms
of NOx removal efficiency. Understanding the important process variables is necessary
for process optimization that will help make its application viable. The variables studied
investigated include physical and chemical parameters, such as gas composition, gap
spacing, photochemistry and power input.
The rest of this chapter is organized as follows. The first of the following three
sections covers several factors that affect the performance of the NTPD process. The
second section summarizes the factors affecting performance and gives the optimal
results. Finally, in the third section the NOx destruction mechanism is discussed and a
numerical model is proposed.
In order to quantify the performance of the NTPD process, process efficiency
must be defined. Nitrogen oxide removal efficiency is typically measured in terms of the
NO and NOx destruction occurring through the discharge. NO removal represents the
amount of nitric oxide in the inlet gas that is converted to some other compound.
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Similarly, NOx removal represents the amount of nitrogen oxides entering the reactor
that are converted to compounds other than NxOy. These efficiencies are defined as:
NO Removal Efficiency (%) = NOMet -NOoullel x{QQ (4-!)
o
NOx Removal Efficiency (%) = NOxinlet - NOxoutlet ^m (4.2)
NOxinlet
4.1.1 The Effect of Gas Composition
The first subsection that follows covers the effect of initial gas composition on
NTPD performance. The second subsection deals with the gap spacing effect on NO and
NOx removal efficiency where some physical parameters are discussed in detail. The
third subsection covers the effect of photon emissions on chemical reactions that form
equilibrium between NO and NO2 and that may need to be taken into account for the
NTPD process. The fourth subsection shows the effect of power input on the transferred
charge and the effective gas breakdown voltage.
The gas mixture typically treated by NTPD consists of nitrogen, NOx, O2,
CO/CO2, water vapor and occasionally hydrocarbons in order to simulate the exhaust
gases of combustion processes. Nitrogen is often used to balance the system or dilute the
stream for analysis. Hydrogen and hydrocarbons can act as reducing agents that react
with NOx in the discharge to produce non-toxic molecules, while O2 basically serves as
an oxidizing agent. The purpose of an oxidizing reactant is to oxidize NO to NO2, hence
NOx removal is accomplished through NO2 as an intermediate. Water vapor has multiple
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functions. It provides OH or OH2 during the discharge process and reacts with NO and
NO2 to produce HNO3 and HNO2, which are easily removed from the gas flow by
condensing them at room temperature with a scrubber. Radicals from processed
hydrocarbons reduce NOx or its intermediate species to stable products, however some
secondary pollutants are potentially created. Although controversial, hydrocarbon
injection can dramatically decrease the power consumption. The following discussion
details the composition investigations.
4.1.1.1 Water
Figure 4.1 shows the effect of the water vapor concentration in the inlet gas stream
on the NOx removal efficiency. Initial NOx ranges of 0-2500 ppm were investigated at
room temperature and atmospheric pressure with varying water vapor concentration.
Typical results with a 1000 ppm initial NOx concentration are shown in Figure 4.1
500 1000 1500 2000 2500 3000
Water Concentration (ppm)
Figure 4.1 the Effect of Water Concentration on NOx Removal Efficiency.
Total Flow Rate:2 L/min, Initial NOx Concentration:1000ppm,
10% O2, N2 Balance. Power Input: 10.5 watts
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The figure shows that increasing H2O increases the removal efficiency of both
NO and NOx. The increase of NO/NOx removal efficiency is principally attributed to the
increased rate of generation of OH and HO2 radicals with increasing H2O due to electron
impact dissociation and excitation transfer reactions. These radicals then oxidize NO to
form HNO3, or HNO2 which are desired products because they can be readily removed
from gas stream, unlike NO. Some of the more important reactions are listed below.
e + H20 >H + 0H + e k = 6.8 x 10"'W Is (4.3)
O(D) + H2O >2OH k = 2.2 x 10'1(W Is (4.4)
O3 + OH >HO2 + O2 k = 6.8 x 10"1W Is (4.5)
NO + H02 >N02 + OH k = 6.6 x 10"1W Is (4.6)
N02 + OH >HNOl k = 1.1 x 10""cm3 Is (4 7)
NO + OH >HNO2 ^ = 1.0xl0'ucm3/5 (4.8)
Other researchers have shown that increasing H2O in an Ar/O2/H2O mixture (dry,
2%, and 5% H2O) led to an increase of [OH] (0, 7, and 11 molecules/100 eV at 100 Td)
[Rosocha al., 1992]. The effect is limited however because since there is a high local OH
density, there is a high probability of recombination among these radicals before reacting
with the desired species [Kogelschatz, 1992].
Figure 4.2 shows that existence of water in the inlet gas changes the shape of the
microdischarge. It was observed that the presence of water vapor broadens the 'footprint'
of the microdischarge and decreases the number of total microdischarges during a half
cycle.
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Figure 4.2 Pictures ofA Single Microdischarge.
Inlet Gas Contains
(a) 2000ppm water vapor (b) 10,000ppm water vapor
Examination of the images revealed that the radius of the 'foot print' on the
dielectric surface and the radius of the microdischarge channel increase significantly due
to increased water vapor. The total charge transferred through each microdischarge
seemingly increases due to the increased conductivity of the dielectric surface. Water on
the electrode surfaces could change the surface conductivity, leading to the accumulation
of larger surface charge that would be available for transfer into the microdischarge. This
scenario (i.e. more available charge) would also explain why the radius of a
microdischarge increases with water concentration.
4.1.1.2 Oxygen
The dependence of NOx removal efficiency on the inlet O2 concentration in our
gas stream is shown in Figure 4.3. The gas stream contained 1000 ppm NOx, 2000 ppm
H2O, and N2 balance. The gap spacing was 1 mm, the flow rate was 2 L/min, power input
was 10 watts and the residence time was 5.6 sec. Notice that the NOx removal efficiency
decreases as inlet O2 increases from 0% to 25%, while the NO removal efficiency
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Figure 4.3 Dependence ofNOx Removal Efficiency on [O2].
The observed effect of oxygen content is not surprising since the presence of
oxygen in the gas entering the barrier discharge reactor significantly alters the reaction
pathways leading to the destruction of NOx. Without oxygen in the gas stream the
reactions are dominated by reduction processes and the products of the reactions are
primarily N2 and O2. With oxygen, oxidation reactions will be the dominant processes in
the removal ofNOx. Several of the important reactions are listed below.
N(2D)-
NO2+O
N2 + OCP) 2.2 x KT1W /*
N2+OCP) 1.8xl0"10cm3/5
O2 5.0x10"12c/m3/5





In the absence of O2 in the inlet gas, one third of the NOx was removed from the
gas stream while nearly half of the NO was converted. Analysis showed that three
quarters of the NO were reduced directly to N2 and HNO2. The remaining NO was
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converted to lower degree nitrogen oxides such as N2O. To clarify the NO reduction
pathway an experiment was performed with no water present. The result showed that
forty percent of the NO was still removed from the stream.
The NOx and NO removal efficiencies level off as the concentration of O2 is
increased to about 20% by volume for NOx and 5% by volume for NO. Increasing the
inlet concentration of O2 results in a higher rate of generation of both O and O3. From the
perspective of removing NO from the gas stream, O and O3 serve to oxidize NO to form
NO2, which can then be further oxidized by OH to form HNO3. The rate of generation of
OH also increases with increasing concentration of O2 (Equation. 4.4). Increasing the
concentration of O2 decreases the concentration of N (i.e. limit the reduction pathway)
due to reactions that form NOx. With the presence of O2, the NOx removal efficiency
heavily depends on the concentration of H2O because oxygen efficiently oxidizes H2O to
OH and NOx can be removed through the HNO2 and HNO3 pathways.
Optical studies found that the size of a microdischarge dramatically decreased
with increasing O2 concentration. The reason for the decrease for transferred charge (i.e.
the discharge size) with increasing oxygen content is the electron-negative character of
oxygen. With increasing oxygen concentration electron attachment increases and less
charge is transferred per microdischarge. In addition, the mean microdischarge decay
time was observed to decrease with increasing the oxygen content. Fig 4.4 shows that the
size of the microdischarge becomes very small in pure oxygen. No single microdischarge
could be discriminated and the brightness of the microdischarge was so weak that a
clear picture was only obtained at long exposure times. The total number of
microdischarges increased with the addition of oxygen, while the charge transferred per
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microdischarge decreased. The total charge transferred per cycle, however increased with
increasing oxygen content.
Figure 4.4 Picture ofMicrodischarge
Pure Oxygen at Power of4.4 watts
4.1.1.3 Hydrogen
Obviously to reduce NOx to nitrogen and oxygen is the favored method of NOx
destruction. As a reducing agent, hydrogen might be considered the best candidate.
Hydrogen was investigated as a reducing agent for gas mixtures containing 1000 ppm
NOx, 2000 ppm water vapor, and the balance as hydrogen. The experiments were
performed at 1 atm pressure and room temperature. Figure 4.5 shows that hydrogen could
reduce NOx by only 7% and NO by only 10% regardless of the presence of water vapor.
Compared to using nitrogen as the balance gas, hydrogen exhibited worse reduction
characteristics for NOx removal. There are two possible reasons. First, hydrogen has a
smaller cross section leading to lower electron driven reaction rates within the discharge
(i.e. less active H was produced compared with N2). Secondly, strong photo emission was
detected in gas mixtures containing nitrogen in the range of 200-400 nm, which strongly
affects the NOx removal efficiency by increasing the OH concentration. No such photo
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Figure 4.5 NOx removal efficiency versus power









Although H can decompose HO2 to OH, hydrogen can not efficiently remove
NOx due to the low concentration of HO2 and the fact that H can not reduce NOx
































(b) Gas composition: 245ppm NO2 andN2 balance
Figure 4.6 NOx Concentration versus Power
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It is necessary to clarify whether NO or NO2 was reduced when using nitrogen or
hydrogen. By feeding NO2 instead of NO, a test was performed at room temperature and
1 atm. Figure 4.6 shows the change of NOx concentration with increasing power for
streams with majority (a) hydrogen and (b) nitrogen. In Figure 4.6(a) it appears NO was
produced mainly from the decomposition of NO2 at lower power since the total NOx
concentration was constant. At higher power, NO decreases slowly while NO2 remains
almost unchanged. NOx was therefore removed primarily through NO. A different
phenomenon occurred in Figure 4.6 (b) where NOx was apparently removed through
NO2, while the NO concentration leveled out at high power. The relevant reactions are
given below.
NO2+hv = NO + O + hv £ = 1.7xl(
-20 V
(4.19)
H + NO2=OH + NO & = 8.0xl0-u (4-20)
OH + NO2 +N2= HNO3 + N2 k = 2.2 x 10"30 (4.21)
NO = N2+O
The results presented above indicate that NOx reduction follows different reaction
pathways when H2 and N2 are used as reducing agents. The potential effects of UV
emissions will be discussed in a later section.
4.1.1.4 NOx
NOx removal efficiency for gas streams containing 2000 ppm water vapor, 10%
oxygen, nitrogen balance and inlet NO concentrations ranging from 100 ppm to 1000
ppm are shown in Figure 4.7. At input power of approximately about 5 watts, the NOx


















(b) Comparation at energy deposition 240 mJ/cc
Figure 4.7 NO Concentration Effect on NO Removal
however the energy consumed per NO molecule removed increases (see Figure 4.7 (b)).
As showed in Figure 4.7 (b), at a given level of energy deposition, the energy
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consumption in terms of eV per NO molecule removed decreases by 6 times when the
NO concentration increases from 100 ppm to lOOOppm.
In N2-O2-H2O-NOX mixtures, experimental results revealed that NOx was
removed through the chemical reaction pathways summarized as follows:
(R1)NO+N = N2+O
(R2)NO+O3 = NO2+O2
(R3) NO2+OH = HNO3
NOx removal was accomplished primarily through the reduction reaction (Rl) if
no O2 was present. Otherwise, reaction (R3) dominated the NOx removal. The reduction
reaction pathway for NOx removal was limited by a maximum efficiency of about 50%.
In this case, increasing the input power above a certain level would not significantly
improve the NOx removal efficiency. The presence of oxygen in the inlet gas can reduce
the energy consumption and lead to total NOx removal only if enough H2O is added. It
has been reported that the energy consumption was reduced from 175 eV per NOx to 50
ev per NOx molecule when the H2O concentration changed from 3% to 20% [Wolf et al.,
1996].
4.1.2 Gap Spacing
Gap spacing is one of the key variables for DDBD technologies. It determines the
breakdown voltage, the average electron energy, the DDBD reactor capacity and other
process variables. Since the breakdown voltage depends on the product of the gas density
and the gap spacing, most researches have concentrated on the effect of pressure (gas
density) due to the difficulty of changing gap spacing. There have been few clear reports
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on the effects of gap spacing. In fact, the gap width and gas density have different effects
on the DDBD process.
Various measurements were made using the system described in the previous
chapter. The different measurements can be grouped into three categories: (1)
breakdown voltage, (2) NOX removal, and (3) microdischarge characteristics. The
breakdown voltage provided essential information regarding the electric field strength
under which the discharges occur. The NOX removal measurement, along with
measurements of the input power and gas flow rate, provided system level information
relating to the performance of each gap width. The optical measurements obtained by the
high-speed imager provided valuable qualitative information about the microdischarges.
Each of the measurements is discussed in detail below.
4.1.2.1. Breakdown Voltage
One of the most important physical characteristics of the microdischarge is the
breakdown voltage, Vb. As a rising voltage is applied to the gap, electron avalanches
begin propagating from the cathode toward the anode. Due to the high nd value, a
considerable space charge is generated during the first avalanche's first transit through
the gap. As voltage grows further, secondary processes such as the creation of electrons
by particles resulting from the primary process of electron impact ionization come into
play. Secondary processes affect amplification more strongly if they produce electron
emission from the cathode.
Most evidence seems to suggest that the silent discharge is best described by the
avalanche streamer or "Kanal" theory (Raether, 1964). The streamers (cylindrical current
filaments) are formed when initial electrons, driven by electric field ionization, reach a
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critical local density at which the space charge electric field near an individual electron
avalanche head approaches the magnitude of the external applied electric field. Such
large space charge fields can be easily established by relatively immobile positive ions.
The propagation of the streamer is thought to be sustained by secondary avalanches,
which arise from the electrons supplied by photo ionization of the gas between the
discharge electrodes. The streamer growth eventually results in the complete bridging of
the anode-cathode gap with relatively homogeneous plasma. The microdischarges are
transient discharges, fed by ionization and detachment and then arrested when charge
build-up on the dielectric reduces the electric field in the streamer to the point where
electron attachment dominates ionization and detachment.
Raether's breakdown criterion is given by:
(a/p)pd = k+\nd (4.22)
where a designates the number of ionizing collisions, p is the gas pressure, k is a constant
characteristic of the particular gas, and d is the gap spacing. For flat electrodes with a
uniform field distribution, the coefficient of ionization increases with decreasing gap
width.
In Equation (4.22) a = Ap-exv(-Bp/E), where E is the electric field given by
E = vjd and A and B are constants which depend on the gas and the cathode material,
respectively. Thus a depends on the gas, the material of the cathode, the pressure, and
the discharge gap spacing. To arrive at explicit expressions, we substitute a and E into
Equation (4.22), to obtain
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Bpd
ln(4/w/)ln(A: + ln</) '
In our case, the applied voltage, VA, at breakdown is, vA = F4 + 2F,, where Frf is the
voltage on the dielectrics. The dielectric voltage is Vd =Vb(cgm/Cdle) so in terms of the
dielectric constant of the dielectric material Equation (4.18) becomes:
(h)V = V Kd) (4.24)
A \nApd-ln(k + \d)
where, t is the thickness of the dielectric and K is its dielectric constant. Taking (k+lnd)
and/? to be constant, we can write
= hifL±^i (4.25)
" tad + C,
where C, = 5p
c =2^p
C 2 = \n[ Ap /( * + In d )]
The experimental breakdown (or Paschen) curves along with a numerical fit of
Equation (4.25) to the experimental data are plotted in Figure 4.8. The constants for the
fit were found to be Ci = 12339.6 volts/mm, C2 = 9254.7 volts, and C3 = 4.1.
As shown in Figure 4.8, the experimental values for the breakdown voltage are fit
well by the functional form predicted by the theoretical considerations (i.e. Equation
4.20). The breakdown voltage can be used to establish the electric field for the
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Figure 4.8 Relationship between Breakdown Voltage and Gap Width. Pressure: 1 atm.
Temperature: 22.5°C, Residence Time: 0.5 s, Gas Composition: lOOOppm NO, 2000ppm
H2O, 10% O2, N2 balance
4.1.2.2 NOX Removal
In gas streams containing appreciable amounts ofboth oxygen and NO (e.g. diesel
exhaust) the primary effect of NTPD treatment is the oxidation of NO to NO2. NOX
removal is then attained through the removal of NO2 by either catalytic reduction or wet
scrubbing. The effectiveness of the NTPD in removing NOX is therefore fundamentally
tied to its ability to remove (or oxidize) NO. In Figure 4.9 the quantity of NO removed
from the gas stream is plotted against the energy deposition for gap widths ranging from
0.8 to 4.0 mm. For these tests, the gas stream makeup was fixed, consisting of 1000 ppm
NO, 2000 ppm H2O, and 10% O2 with N2 as the balance gas. The energy deposition was
determined from the input power (sense capacitor) and the gas flow rate (mass flow
controllers). The NO concentration was measured before applying power to establish the
initial concentration and then measured at subsequent power levels to determine the
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amount of NO removed. The residence time of the gas within the NTPD reactor was
fixed and all tests were performed at atmospheric pressure and room temperature. To
maintain a fixed residence time (« 0.5 s) while varying the gap width, the gas flow rate to











= 1.5 mm £_
= 1.6 mm a_
= 2.0 mm _b_















Figure 4.9. NO Removal versus Energy Deposition. Pressure: 1 atm. Temperature:
22.5°C, Gas: 1000ppm NO, 2000ppm H2O, 10% O2, N2 Balance.
In this investigation, the DDBD test device was relatively effective at removing
(i.e. oxidizing) NO from the mock combustion gas stream. The percent of NO removed
from the gas stream in our tests ranged from 20% to 40% with input powers from 0 to 6
Watts. As seen in Figure 4.9, the performance of all gap widths fell into a narrow range
at low energy deposition but widened considerably for higher energy depositions. By
comparing the amount of NO removed by each gap width at similar energy depositions,
the optimum gap width could be determined. The result of this analysis is shown in
Figure 4.10 for a typical energy deposition of 150 mJ/cc. Notice that the best NO
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removal was observed at a gap width of approximately 2 mm. The error bars shown in
Figure 4.10 represent an estimated 5% error in measuring the NO concentration and an
estimated 1% error in setting the gap width. The dashed curve in Figure 4.10 has no
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Figure 4.10. NO Removal versus Gap Width. Pressure: 1 atm. Temperature: 22.5°C,
Gas: WOOppm NO, 2000ppm H2O, 10% O2, N2 balance.
The standard of performance for pollution control devices is the energy required
to remove a given quantity of pollutant. In the case of electrical devices removing dilute
concentrations of pollutants, the performance is best described in terms of the number of
eV required to remove each pollutant molecule. Given in Table 4.1 are the efficiencies
for each gap width we tested at energy depositions of 50, 100 and 150 mJ/cc. The
efficiencies are given in terms of eFper NO molecule removed (or oxidized). Note that
the 2 mm gap width outperformed all other gap widths over the range of energy
depositions considered. Also note that the NO removal efficiency decreases (i.e. the eV
per molecule increases) with increasing energy deposition. This is consistent with the
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results presented in section 4.1.1.4, where the energy consumption increased with
decreasing energy deposition.




















































Photographs, which were taken with the intensified high-speed imager in framing
mode, revealed details of the microdischarge behavior. In order to extract further
information from the optical observations the characteristics of the microdischarges were
related to the transferred charge. For this analysis the DDBD's electrode configuration
was presumed to be symmetric and we further assumed that all of the available surface
charge was transferred through microdischarges in which chemical reactions were
initialized. The specific reactions taking place within the microdischarges are determined
by electron-molecular/atom collisions.
The planar DDBD reactor arrangement used in the experiments and the geometry
(Ro, r) assumed for the microdischarges were presented earlier in Figure 3.5. The
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Gap: 1 mm Gap: 2 mm Gap: 3 mm Gap: 4 mm
Figure 4.11. High-speed Images ofMicrodischarges at Different Gap Widths
Gas Composition: WOOppm NO, 2000ppm H20, 10% 02, N2 Balance,
Room Temp, latm, Power =5 Watts, Frequency=400Hz, Residence Time=0.46s
microdischarge consists of a small channel both between and perpendicular to the
electrodes as well as a creep discharge or footprint on the dielectric surface. For
simplicity, a cylindrically shaped channel with radius r and a disc shaped footprint with
radius R<> are defined as shown in Figure 3.5. Power is input into the DDBD by applying
a sinusoidal voltage waveform of sufficient amplitude to initiate discharge. During the
discharge process, a dielectric double layer is built up at the dielectric surface. This layer
reduces the field strength within the gap leading to extinction of the discharge within a
few nanoseconds. Multiple discharges occur during each half cycle of the applied
voltage waveform. At a given gap width, increasing the voltage increases the number of
discharges and therefore the input power.
A series of microdischarge images at different gap widths are presented in Figure
4.11. When obtaining these images, the residence time of the gas in the DDBD device
was fixed. The fixed residence time was accomplished by changing the inlet flow rate
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when changing the gap spacing. The input power, driving frequency, and flow
temperature were also fixed in each case, as was the gas mixture.
The specific conditions under which the images in Figure 4.11 were obtained are
given in the figure caption. Notice that with increasing gap spacing the radius, r, of the
discharge increased significantly, while the number of discharges per half cycle
dramatically decreased. The radius was found to vary from approximately 90 ^m at the 1
mm gap width to 340 um at the 4 mm gap width. The frame rate for these images was
1000 fps and the gate time was varied from 20 to 200 \is to obtain the clearest image.
In addition to affecting the radius of the microdischarge channel, the gap width
significantly affected the footprint of the discharge. The radius of the footprint, Ro,
increased with gap width even more markedly than the channel radius. The footprint
radius was approximately 100 um at lmm gap width while it grew to 1700 \\xa at the 4
mm gap width. The footprint extended only slightly beyond the channel at the smaller
gap width but was many times the channel radius at larger widths. Despite being
significantly affected by the gap width, both the channel radius and the footprint radius
were largely unaffected by variations in the input power.
The other major effect observed when varying the gap width was the number of
discharges. As the gap width was decreased the number of discharges increased
significantly. By taking high-speed photographs of the discharges through the glass and
aluminum mesh, it was possible to estimate the number of discharges per half cycle for
each gap width. At an input power of 5 Watts, we estimate that there were approximately
7000 discharges per half cycle for the 1 mm gap width while for a gap width of 4 mm the
number of discharges was only 400 per half cycle. Since the input power was fixed, the
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decrease in the number of discharges with increasing gap width implies that the mean
charge per discharge increases with increasing gap width. This is supported by our
observation that the photo intensity of individual microdischarges increased with
increasing gap width at fixed input power.
Table 4.2 summarizes the information that we were able to derive from the optical
measurements. It should again be noted that the measurements are based only on the
wavelength range visible to the camera, i.e. 400 to 800 ran.





























In obtaining the data presented in Table 4.2, the experimental conditions were
kept as constant as possible by utilizing identical gas mixtures, residence times, driving
frequencies, temperatures, pressures and input powers. All of the observations were
made under approximately atmospheric conditions (i.e. T « 22 °C, P«l atm). Since the
microdischarges initialize the chemical reactions that drive the NO removal process, the
properties of the microdischarges are key to the performance of the NTPD. The data
presented in Table 4.2 were utilized to determine the variation of significant discharge
characteristics (i.e. the microdischarge and footprint radius) with gap width, which are
important for parameter determination in the NTPD modeling.
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Figures 4.12 and 4.13 show the experimental results obtained from the optical
measurements of the microdischarges at different gap widths. The microdischarge
radius, which was obtained directly from the discharge images, is plotted against the gap
width in Figure 4.12. An approximately linear relation between the radius of the
microdischarge, r, and the gap width, d, was obtained. The equation for a linear fit ofthe
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Figure 4.12. Plot ofDischarge Radius versus Gap Width
we can adopt a simple estimate for the radius of 80 urn per mm of gap width.
Due to the high local eigen-field, the high-energy tail electrons of the avalanche
along the electrode surface can be accelerated to high velocity. These high-energy
electrons collide with molecules close to the surface and form a footprint to the
microdischarges as they propagate toward the breakdown channel. The radius of the
footprint was measured at each gap width and is plotted in Figure 4.13. Again, a linear






Figure 4.13. Plot ofFootprint Radius versus Gap Width
The equation for the linear fit of the data shows that the slope (560 ^im per mm) is
quite large and that the y-intercept (-500 |4.m) is far below zero. The large slope indicates
the gap width affects the footprint radius more strongly than it affects the discharge
radius and the negative slope may further indicate that the actual radius of the footprint is
larger than the radius viewed by the camera.
Our results indicate that at constant power input, the charge transferred through
individual microdischarges increases with increasing gap width while the number of
microdischarges decreases. Because the increase in charge transferred is accompanied by
an increase in discharge size, the effect of gap width on the volume charge density within
the microdischarge has not been directly established. The microdischarge charge density
is directly related to reaction rates within the discharge and may be a good indicator of
overall performance. If we assume that all of the surface charge contained in the area of
the footprint is transferred into the microdischarge channel, the volume charge density
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within the microdischarge channel can be roughly estimated. This assumption can be
stated simply as
trA = pV (4.26)
where a is the surface charge density, A is the area of the footprint, p is the
volume charge density within the discharge channel and V is the volume of the discharge




Equation (4.26) suggests a linear relationship between the footprint radius and the
discharge radius. Figure 4.14 shows a plot of Ro versus r for our experimental values.
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Figure 4.14. Plot ofthe Footprint Radius, Ro, versus the Microdischarge Radius, r.
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The equation for the linear fit to the data is given in Figure 4.14 and the slope
determined from this fit can be equated with the bracketed quantity in Equation (4.20) to
estimate the volume charge density of the microdischarges. To solve for the volume
charge density we must first specify the surface charge density. The surface charge
density at each gap width is directly related to measurable quantities and can be found
from the equation,
where Q,e is the capacitance of the dielectric, Vdie is the voltage on the dielectric
and Adie is the area of the dielectric. The equation for the volume charge density is thus
determined from the equation
p = k 2 C * V » (4.29)
dA *
where k (= 6.89) is the slope of the Ro versus r curve. In Equation (4.23) only Vdie
is dependent on the gap width and has to be determined experimentally. Values for Vdie
were taken from the experimental values of the applied voltage and the breakdown
voltage (discussed in an earlier section) when the images were taken. The results of this
analysis are given in Table 4.3. In addition to the volume charge density, the
corresponding electron density is also given in Table 4.3. The estimated electron density
values are consistent with values suggested in the literature [Eliasson, 1991].
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Table 4.3. Estimates ofthe Volume Charge Density and Electron Density Using























































As seen in Table 4.3, analysis suggested that the reduced electric field and the
microdischarge charge densities increased with decreasing gap spacing. This would
indicate that electron-impact dissociation and ionization of the background gas to form
free radicals is favored for smaller gap widths. The peak processing efficiency (for NO
removal) of our NTPD system, however, was found to be near the center of the range of
gap widths tested.
4.1.3 Photochemistry
During NTPD process, photo emission occurs naturally due to collisions between
electrons and gas molecules and relaxation of excited species. A large number of
pollutants can be degraded by the combination of UV radiation and added oxidants like
ozone (Peyton et al 1982; francis 1986, Masten 1986). In both cases a synergism between
UV radiation and the oxidant was observed.
Depending on the gas mixture a large number of different excimers could be
generated by NTPD processes. (Ellision and Gellert 1990; Gellert and Kogelschatz 1991;
Stockwald 1991; Schorpp 1991). Many of these excited states emit radiation in a
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wavelength region of the VUV or UV part of the spectrum. Some selected emission
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Figure 4.15 Spectra ofProcessing Gases in NTPD
These spectra were taken at room temperature and atmospheric pressure at power
level of 5 watts. The NTPD process generated UV light from collisions between N2
molecules and electrons in the emission range from 230 to 400 nm range. This spectrum
is shown in Figure 4.15 (a). NO increased the intensity of photo emissions in the 200-300
nm range, even though the NO concentration was only 1000 ppm (see Figure 4.15(b)).
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Nitrogen oxides are particularly sensitive to UV photons, having a very wide absorption
range. Upon absorption they immediately emit UV radiation during relaxation or
chemical reaction. Ozone produced from oxygen and electron impact strongly absorbs
UV in the range of 200-310 nm, leading to its decomposition. This absorption contributes
to the lack of UV lines in the spectra of N2/O2 in Figure 4.15 (c). Similarly, there are no
peaks observed in N2/H2O because water partially absorbs UV and blocks the UV light
transmission. Some of the more important reactions involving VUV and UV emission are
given below.
*O2 + O(D) (A
O(lD) + H2O -+OH + OH
O2 + hv-+ O(D) + O(3P) (^ < \75nm) (4.32)
H2O + hv^>OH + H (A < 2A2nm) (4.33)
NO2 +hv->NO + O (A < 366nm) (4-34)
Some of these reactions are quite strong. In the gas phase the quantum efficiency
involving the photolytic cleavage reactions for H2O and O2 are close to unity (Getoff and
Schenck, 1986). Since UV has the ability to increase the concentration of OH, it plays a
positive role in NOx removal with NTPD. However, it also produces negative effects
such as the reaction in Equation 4.34, where it decomposes to NO. Experimental results
suggest that the decomposition of NO2 can be checked by adding enough water and
oxygen to the gas mixture. With adequate water vapor and UV radiation at shorter
wavelengths the water can be photolyzed strongly to OH. Produced ozone would absorb
the photons in the range where NO2 has absorption.
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4.1.4 Power Input
Many variables in the NTPD process depend on the input power. Manley's
equations revealed that the energy deposition is determined by the charge discharged
through the gas and the breakdown voltage. At a given gas composition and gap spacing,
the breakdown voltage is a constant. Increasing the power is accomplished by increasing
the peak voltage and therefore the charge transferred through the gas. Since the charge
density within a microdischarge is independent of the power, the number of
microdischarges will increase with increasing power. This means that the efficient
volume, defined as the total plasma volume at any given time, increases and therefore,










Figure 4.16 Lissajous (charge vs voltage) Figures with Input Powers
(a) lmm gap spacing (b) 4mm gap spacing
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Figure 4.16 shows that the charge and peak voltage increase with increasing
power for the (a) 1 mm and (b) 4 mm gap spacing. The differences between (a) and (b)
can be clearly seen in figure 4.16. The shape of the Q vs V (or Lissajous) figure is
determined primarily by the system capacitance and is therefore strongly affected by the
gap spacing. We observed that increasing voltage increased the charge transfer until the
power passed a point where the charge transfer leveled off or increased very slightly.
Figure 4.17 shows this experimental result.
The leveling off of the charge transfer as the power increases is due to the
transition of purely capacitive DDBD to a capacitive and resistive circuit component. The
resistive component is due to the discharge channels and this resistance decreases with
increasing power input.
5 6
Figure 4.17 Dependence ofthe Total Charges Transferred on Power Input
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The NOx removal efficiency as a function of the power applied can be seen in
Figure 4.18 at residence time of 0.46 s, a gap width of 2mm, room temperature, 1 atm
pressure and a gas mixture consisting of 1000 ppm NOx, 10% O2, 2000 ppm water and
N2 balance. Over the span of 4 watts the NOx and NO removal efficiency leveled off due
to limits related to OH concentration and photolysis.
2 3 4
Power (watts)
Figure 4.18. NOx/NO Removal Efficiency versus Power Input
These results are thought to be related with the charge density and photochemistry
that were discussed in earlier sections.
In Figure 4.19, quantitative analysis of the FT-IR spectrum of NTPD products
was performed by calculation of the area of the peak for each detected specimen and
comparison with the corresponding area of peaks provided by the QAsoft standard
library. The results showed that the NO concentration decreased but production of NO2
and N2O increased steadily with increasing input power. The HNO2 concentration
increased quickly with power increasing from 0 to 4 watts and then tended to level off.
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One possible reason is that the water was consumed completely at 4 watts. Further






















An increase in the intensity of the emission spectrum was observed when the
applied power was increased. This is due to the increased charge transfer or increase in
the number of microdischarge. The results are shown in Figure 4.20 for a stream with
10% O2, 1% water and 1000 ppm NOx in N2 balance. The test was performed at room
temperature and latm pressure with a gap width of 2 mm.
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Figure 4.20 Effects ofPower on the Photo Emission in the Discharge
The residence time or flow rate was another factor that was observed to affect the
NOx removal efficiency. Figure 4.21 shows that NO or NOx removal efficiency
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Figure 4.21 Dependence ofNOx Removal Efficiency on Residence Time
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4.2 System Optimization
The previous sections have given details about the major variables involved in the
NTPD process for our experimental system. This section is a summary based on the
experimental results and theoretical conclusions.
1. Gas components including N2, O2, H2O and NOx were discussed. N2 and O2
molecules were the major electron collision targets. Through impact, a variety
active species were produced during the discharge, like ions, radicals, photons
and molecules in excited states. Between discharges, chemical reactions occur
which were initialized by the active species. With N2 as the balanced gas,
more than eighty percent reduction of NOx to non-toxic molecules was
achieved through the production of N. The presence of O2 was necessary to
oxidize NO to NO2 so that it could be more easily removed in the form of
HNO3/HNO2 when water was presented. O2 also increased the total charge
transferred per cycle. More than 10% O2 in gas mixtures was identified as an
optimum quantity. Streams with a higher concentration ofNOx required fewer
ev per molecule removed than streams with lower NOx concentration.
However, the NOx removal efficiency of high NOx content streams was
typically lower than for low NOx content streams. H2O was found to be the
key component for effective NOx removal. Increasing the water content
would not only increase NOx removal efficiency until 100% but would also
reduce energy consumption by as much as three times if enough water was
added. Typically, two percent water can totally remove 1000 ppm of NOx
from gas streams with 10% oxygen at latm and room temperature with an
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energy consumption of about 40 J/cm3 (30 ev/per NO molecule). Further
increasing the water concentration to 10% would reduce the energy
consumption to 25 ev/per NO molecule for a gas mixture at a temperature of
400 K[Wolfetal, 1996].
2. The gap spacing determined the effective gas breakdown voltage, charge
density, and microdischarge characteristic. A great advantage of the silent
discharge over many other discharge types is that the gap spacing can be
easily changed. Therefore, the energy optimization can be easily achieved.
With a N2-O2-H2O-NOX mixture, an optimum value of gap spacing for NOx
removal was obtained at about 2 mm for our NTPD system.
3. Emission spectra studies indicated that photon emission would increase the
product of OH and O but decompose NO2 to NO. Overall the UV effects on
NOx removal in NTPD are positive when enough water is present.
4. The transferred charges increased with increasing power input before leveling
off at high power. The less power consumed, the more desirable NTPD
technologies will be for NOx removal.
Figure 4.22 shows the experimental results obtained at the optimum gap width.
With test conditions of 2 mm gap spacing, residence time of 0.5 s, room temperature, 1
atm pressure, 100 ppm NOx, 2000 ppm H2O, 10% O2 and N2 balance, the NOx removal
efficiency was above 97% at energy deposition of 250 mJ/cc.
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Figure 4.22. NOx Removal versus Power Input at Optimized Conditions
Note that the obtained optimum gap width is particular to stream make-up and
could shift for varied gas discharge conditions. The NOx removal efficiency strongly
depends on the concentration of desired active species (i.e. O3 and OH) initialized by the
discharge. An optimum microdischarge strength has been observed in ozone generator
[Eliasson et al, 1991; Rosocha et al, 1993]. If the microdischarge becomes too strong, the
concentration of oxygen atoms reaches a level at which undesired combination reactions
gain importance. On the other hand, it is not desirable to use too weak microdischarges,
because energy losses due to ions become important. At smaller gap spacing, the charge
density and the number of microdischarges were relatively larger. Too many
microdischarges would lead to additional processes liberating oxygen atoms, which is
referred to as the poisoning process of discharge. When the charge density is high, the
combination reactions will become significant and the lower concentration of O3 is
produced. Photon in range of VUV and UV is desired for the NOx removal because it
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could increase the concentration of OH when water vapor is presented in streams. The
study of the emission spectra found that at larger gap spacing, the photon emission was
stronger. Therefore, the optimum gap spacing was unsurprisingly obtained in our DDBD
system.
4.3 Reaction Mechanisms and Modeling
Chemical reactions involved in the NTPD process are very complex. Three phases
of reaction can be classified (1) Initiation: collision between electrons and gas molecules
(2) Propagation: active species reactions with gas molecules (3) Termination: formation
of stable molecule. Although hundreds of chemical reactions are involved in NTPD, it is
necessary for the plasma chemical reaction study to choose ofmost probable mechanisms
of chemical reactions and physical processes in NTPD [Solvetsky al, 1980]. Since N2,
H2O and O2 (>99.9%) are the major components in our study, it is reasonable to chose
them as the only electron impact targets. Therefore, initial reactions will be expressed as:
e + N 2 -» N 2(^3Zm + ) + e
e + N 2 -> N 2(B3Ug) + e
e + O2 -> OC P) + OC D)
e + O2 -> OC P)+ OC P)
e + H 2O -> OH + H + e
e + N 2 -> N + N + e
e + N 2 -+ N 2+ + 2e
e + 02 -* 2e + O2 +
The primary propagation reactions are selected to be:
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NO2+hv-> NO + O + hv
NO + OH -+HNO2
NO2+OH -+HNO)
Termination reactions include electrode surface reactions for ions, recombination
for radicals, and photon emission or heat release to the surroundings for exited species.
These are quick processes and normally do not affect the overall reaction mechanisms
very much.
Apart from experimental investigations, a comprehensive modeling is the basis of
an understanding of the complex fundamental processes in microdischarges. It enables
the assessment of new plasma chemical processes realized in DDBD and the
improvement of efficiencies of proven processes. The purpose of this modeling is to
optimize and predict the parameters of the physical breakdown in such a way that the
chemical species produced or removed are obtained with the optimum efficiency. The
following section will describe the model developed to incorporate all the discussed
effects in such a way that the model is in agreement with our measurements. In the
previous sections we have seen that the breakdown leads to the appearance of an assumed
cylindrical channel of charged particles. The size of a microdischarge can be calculated
based on our previously developed equations. The required charge density is taken
directly from the measured value. The reduced field was obtained from the ratio of the
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effective gas breakdown voltage and the gap spacing at 1 atm pressure. We assumed the
field was uniform within the microdischarge. Appendix A and Appendix B list the
species and reactions that are included in the model. A summary of the main steps of the
physics and chemistry ofNTPD is given as below:
1. Application of a numeric field pulse E(t)/n;
2. Solution of Boltzmann equations for the electron energy distributionfe for each
value ofEi/n, assuming that E=Ei =constant during ti<t< ti+At;
3. Calculation of all electronic rate coefficients kn for excitation processes n using
the obtained/e and relevant cross sections;
4. Integration of N simultaneous chemical rate equations as a function of time.
The rate equations are expressed as




Where n is the reaction product, Rn is the total number of reactions, (j.l.m) are
the reactants and (a,p,y) are reaction orders;
5. Calculation of the microdischarge volume using the results from the previous
section;
6. Calculation of the removal efficiency for the various species j in a single
microdischarge. The efficiencies are defined as:
= j^—CI!ss!_ x 10Q % (4
'-' initial
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7. Calculation of the specific energy input. The total specific energy input J into a
volume element in the microdischarge is:
J = ]•/,»,„ Edt (4-31)
o
8. Summation of all numbers of microdischarges within the residence time and
calculation of the total r| and J.
We used the commercially available software BOLSIG to obtain the numerical
solution of the Boltzmann equation for electrons in weakly ionized gases under steady-
state, uniform fields. The main features of the algorithm in BOLSIG are [Morgan et al,
1996]:
a. The angular dependence of the velocity distribution function is expanded in Legendre
polynomials. BOLSIG solves for the electron energy distribution function (EEDF)
using the two-term expansion.
b. The energy dependence of the EEDF is expanded in finite elements (cubic B- splines)
which allows for a dynamic readjustment of the energy grid with high accuracy and
arbitrary grid spacing.
c. Multiplying the Boltzmann equation successively by each of the B- splines in the
expansion set and integrating over energy yields a set of coupled algebraic equations
for the coefficients of the B- splines.
d. The solution is obtained iteratively using scattering-in terms (non-local in energy)
from the last iteration or from a Maxwellen distribution with an average energy of 0.5
ev on the first iteration.
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e. The two electrons exciting an ionization are assumed to share equally the excess
energy over the ionization potential. The ionization frequency or attachment
frequency is underrelaxed from one iteration to the next. To speed up the calculation,
when the EEDF approaches its converged value, the underrelaxation is no longer
used.
It is necessary to provide some physical parameters for calculation. Table 4.5.
shows the values used for a 2 mm gap spacing in the BOLSIG model. The results,
including (a) the electron energy distribution function and (b) mean electron energy are
shown in Figure 4. 23.
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Figure 4.23. Results ofBOLSIG Running (a ) EEDF (b) Mean Energy
From Figure 4. 23 (b), we can estimate the mean electron energy about 3.16 ev for
a gap spacing of 2 mm (i.e. a reduced field of 125 Td). At such an energy level, the
dissociation ofN2 (9.8 ev), O2 (5.2 ev) and H2O (5.2 ev) is very small.
The numeric solution of the chemical kinetics used codes we developed (see
Appendix C) based on modeling step 3 to 7. These codes are mainly concerned with the
chemical reaction paths and energy deposition. The physical parameters depended on the
experiment settings and the DDBD design. The kinetic rates of electron impact were
obtained from the BOLSIG results. Other chemical reaction rates were taken from
literature reports. Relationships between them have been discussed in the previous
sections. The following are values of the parameters listed for modeling calculation with
the gap width of 2 mm. If the gap spacing is changed, the corresponding parameters will
change also. These parameters are available directly from the experimental
measurements.
Time Between Discharges (TIMEBD) = 0.5000xl0"02 sec
Between Discharges dt (DTOFF) = O.lOOOxlO"06 sec
Estimated Discharge time (TIMED) = O.lOOOxlO"07 sec
Discharge dt (DTMD) = 0.2000xl0"09 sec
After Glow Duration (TIMEAG) = O.lOOOxlO"03 sec
After Glow dt (DTAG) = O.lOOOxlO"08 sec
Total Energy Dissipated (TOTEAD)= 0.680010+03 mJ/cm3
Number OfDischarges =2000
Gas Temperature (TEMP) = O.3OOOxlO+O3 K
Discharge Gap = 0.2000x10"02 Meters
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Breakdown Voltage =0.70100xl0+04 Volts
Discharge Radius =0.1700xl0"03 Meters
Total Energy Added (TOTEAD) =0.6800xl0+06 J/m3
Total Number ofKinetic Equations (NEQ) =272
Number of Collision Kinetic Equations. (NRREQ) =219
Number of Electron Collision Equations. (NELEQ) =23
Number of Electron Capture Equations. (NECEQ) =26
Number ofUV Reaction Equations (NUVEQ) =4
Number of Species Considered (NSPEC) =51
Initial Total Number Density = 0.2451xl0+26 part/m3
Calculated Pressure = 0.1002xl0+01 arm.
Based on these data, the simulated results from our model were obtained and are
shown in Figure 4. 24. The model predicts that the primary products of NTPD process
are NO3, N2O, HNO2 and HNO3. The NOx removal with a gap spacing of 2 mm and
power input of 5 watts are about 100% which is in agreement with the experimental
results for inlet gas mixture of 90% N2, 10% O2, 2000 ppm H2O and 100 ppm NOx.
Figure 4.24 reveals a difference between the numerical calculation and experimental
measurements. The simulation results show that the HNO3 is the primary product.
However, FT-IR spectra did not show the expected quantity of HNO3. The possible
explanation is that HNO3 is condensed so that quantitative analysis of gas phase could not
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This study was conducted to investigate the NTPD process for destruction of
nitrogen oxides. Double dielectric barrier discharge (DDBD) reactors were employed in
the research.
The study showed that DDBD is an effective technique to remove NOx from gas
streams that contain NOx. The conversion levels heavily depend on the power input.
NOx could be completely removed at optimum conditions with enough power input.
Understanding the microdischarge is the key to understand the silent discharge.
Their physics have been studied through optical measurements and theoretical studies.
Special emphasis was placed on the gap spacing that determines many other important
variables of the NTPD process. A clear relationship between microdischarge and gap
width was developed, which led to a successful construction of a chemical kinetic
reaction model. Conclusions drawn from the work conducted in this study apply to the
operation ofDDBD system. They are listed below:
1. Determination of the breakdown voltage is very important for NTPD process.
An empirical equation was derived based on the criterion for the occurrence of
a self-sustaining discharge as.
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A ~ lnrf + C,





The constants for the fit were found to be Ci = 12339.6 volts/mm, C2 = 9254.7
volts, andC3 =4.1.
2. Chemical reactions are initialized by collisions between electrons and gas
molecules within microdischarges. It is essential to determine the average size
and the number of microdischarges. Dependence of the size of a
microdischarge on gap spacing was investigated. A linear relation between
radius of footprint and channel was found.
£0=6.89r-471.93
The number of microdischarges exponentially decreased with increasing gap
spacing.
3. When we assume that all of the surface charge contained in the area of the
footprint is transferred into the microdischarge channel.
a A = p V
Therefore, the volume charge density within the microdischarge channel can
be roughly estimated. The calculated results were consistent with
measurements using different methods in the literature.
4. Experimentation on the chemical aspects of the DDBD destruction ofNOx led
to the following conclusions pertaining to effects of various gases on NOx
removal efficiency.
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The major products of NTPD processed gases were nitrogen and oxygen,
benign compounds that can be released to the environment, when the inlet
gas was composed ofNOx in N2.
If water was introduced into the gas mixture, the major products were
HNO2 and HNO3, which were easy to be condensed and removed. NOx
removal efficiency increased with water concentration.
Although hydrogen is a reducing reagent, nitrogen oxides in hydrogen
could not be removed effectively under our experimental conditions. The
mean electron energy was too low to make enough active hydrogen.
Oxygen in the gas mixture stream decreased the NOx removal through
reduction. By oxidizing NO to NO2, oxygen increased the NOx removal
efficiency through different mechanisms ifwater was present.
5. Our study indicates that gap width can be considered one of the major factors
affecting the physical properties and performance of dielectric barrier
discharges. In order to evaluate the effect of gap width on NO removal in
combustion gas streams, both the physical properties of the microdischarges
and the NO removal efficiency were investigated at gap widths ranging from
0.8 to 4.0 mm. System level measurements of the NO removal efficiency at
various gap widths revealed that for the selected gas stream the NO removal
peaked at a gap width of approximately 2 mm. Although the observed
optimum gap width is potentially only applicable to our specific test
conditions, the existence of an optimum indicates that each application of
NTPD to toxic gas removal may benefit from consideration ofthe gap width.
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6. Photochemistry study showed that photo emission from electron-molecular
impact in the range of 200-400 nm increased the concentration of OH and O
and decomposed the NO2 to NO.
7. NOx removal efficiency strongly depended on the applied power. Experiment
results indicted that NOx removal efficiency increased with power increasing.
Analysis of the transferred charges and the effective gas breakdown voltage
found that they increased with increasing power and tented to level off if
power input increased further. This may be reflected by the facts that NOx
removal efficiency also leveled off at higher level of power. The charge and
the effective gas breakdown voltage changed with different trends at the
different gap spacing.
8. Optimization of the physical and chemical parameters was accomplished. For
our specific experimental conditions, the applicable conditions are listed
below:
Gas composition: 89% N2,10% O2,1% H2O and 500 ppm NOx;
Gap spacing: 2 mm;
Flow rate: 2 L/min;
Power input: 5 watts.
9. The plasma reaction processes can be divided into two groups. One is the
group of processes which yield active species by electron impact followed by
very fast quenching of some of those species. This is followed by a group of
relatively slow remedial processes in which the active species undergo
reaction with pollutant molecules in the discharge. For the former, the reaction
rates are functions of the reduced electric field and the gas composition. For
the later the reaction rates are constants at given temperature and can be
obtained from published literature. Therefore, the simulation can be carried
out in two distinct parts: (1) determination of the active species production per
unit of energy input for a given gas composition and reduced field, and (2)
solving the rate equations to determine the time evolution of species for a
given energy density and pollutant concentration.
Electron energy distribution function and collision reaction rates were obtained by
running BOLSIG. The reduced electric field was calculated by using the effective gas
breakdown voltage from experimental measurements. The rate equations were solved by
developed model. The necessary values of parameters included in that model came from
results of experiments, theoretic studies and literature. The results of modeling showed
good agreement with the experimental observations.
This study has showed that the NTPD is an attractive technology for the NOx
emission control through plasma chemistry. Low levels of NOx in the outlet of the
DDBD reactor can be achieved without any production of pollutant. Theoretical study
provides a insight ofNTPD processes. A better understanding will lead to develop more
effective techniques to overcome problems such as cost effectiveness.
There are a lot of variables involved in NTPD process. Determination of those
factors and system optimization are necessary for NTPD commercial application. It is




1. The study revealed that surface charge and surface conductivity are very important
for charge density calculation and microdischarge characteristics in NTPD process.
These properties of the electrode surfaces play an important role in gas pollutant
destruction from streams. Further investigation is meaningful.
2. Investigation ofNTPD technology suggested that using catalysts or package materials
in DDBD could potentially reduce the energy deposition for NOx removal.
3. Photo chemistry study showed that emitted photo from gas discharge increased the
NOx removal efficiency by inducing enough water and oxygen in the gas stream
optimization of electron energy and dielectric barrier material should be included in
future research.
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200 < T < 300
M=O2 7.26e-10*exp(-11400/T),

























































































































































200 < T < 300
1.79e-ll*exp(110/T)





200 < T < 400
1.2e-13*exp(-2450/T)
230 < T < 600
2.7e-30*(300/T)**3.4





























































































































































































































































































































































































































243 e+O(3P)+O2=O"+O2 1.61 E-32
244 e+O2+N2=O2"+N2 3.05E-31
245 2e+O2+=O2+e 1.61E-20
246 e+O2++N2=O2+N2 1.61 E-27
247 e+O2+=O(3P)+O(1 D) 3.14E-08
248 e+O2+=2O(3P) 3.53E-08
249 2e+O+=O(3P)+e 1.77E-20
































































void outp(int nspec,int ndof.double x,double dery[],double ihlf,int ndim,double
prmt[].double itest);
void renorm(int ndof,double y[], double dery[]);
void rkgs(int ndof,double prmt[],double y[],double dery[],int ndim.double ihlf,double x);
void renorm(int ndof.double y[], double dery[]);
void normal(int ndof,double y[],double dery[j);
void fct(int ndof,double x.double y[],double prmt[],double dery[]);
void condadv(double x.double y[],double prmt[],double dery[]);
void main()
# define in_file "input.txt"
# define in_file2 "kin.txt"
# define in file3 "react.txt"
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cout«"Enter Total power (J/m**3)"«endl;
cout«"Enter Gas Flow Rate (L/min)"«endl;
cout«"Enter resident time (s)"«endl;
cout«"Enter Frequency (Hz)"«endl;



































































































































y[ 1 ]=enumOu/repnd[ 1 ];
else




































































































































































































































































void normal(int ndof.double y[],double dery[])
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for (int j=l y<=nreac[i]y++)
{


























































dery[nnr[i] [j ]]=dery[nnr[i] [j ]]


























































































































sgmu=concen[ 1 ]*repnd[ 1 ]* 1.60e-19*dfvelu/electf;
sgm=sgmu/sgmO;
void outp(int nspec,int ndof,double x,double dery[],double ihlf,int ndim,double
prmt[],double itest)
icount=icount+l;
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